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Resumo 
Os procedimentos tradicionais no tratamento cirúrgico de problemas ósseos requerem 
frequentemente a implantação de autoenxertos e aloenxertos, métodos que têm revelado 
diversas limitações, como a necessidade de uma incisão extra para a colheita de tecido, a 
quantidade limitada de enxerto do doador ou mesmo a rejeição, algo altamente indesejável. 
Assim, o desafio atual da engenharia de tecidos passa pela produção de um enxerto ósseo 
bioartificial que se assemelhe à matriz extracelular (MEC) e seja capaz de uma mineralização 
óssea eficaz. Não obstante, tem existido um interesse considerável na produção de materiais 
nanofibrosos pela técnica de electrospinning para a área da regeneração de tecidos. 
As fibras produzidas por electrospinning possuem uma gama alargada de aplicações, 
particularmente no campo da regeneração óssea. De facto, esta técnica de electrospinning 
permite a fabricação de membranas fibrosas com elevado rácio superfície-volume, com 
porosidade controlável e maleabilidade para se produzir fibras com uma grande variedade de 
tamanhos e formas, alargando desta forma sua aplicabilidade. Considerando que o osso é 
composto por nanocompósitos inorgânicos e orgânicos, este trabalho visa o desenvolvimento e 
caracterização de fibras multifuncionais produzidas por electrospinning para a regeneração 
óssea, baseadas num compósito de Poli (ácido lático) (PLA) e em Hidroxiapatite (HA) 
reforçada com vidro – Bonelike®. O PLA tem gerado grande interesse, visto ser um dos 
polímeros biodegradáveis mais promissores devido às suas propriedades mecânicas, à sua 
processabilidade termoplástica e biodegradabilidade. O Bonelike® é uma hidroxiapatite 
sintética sinterizada na presença de vidro do sistema CaO-P2O5, o que lhe confere 
propriedades mecânicas e bioatividade melhoradas, tornando-o ideal para a osteocondução e 
osteointegração como substituto ósseo. 
Após a preparação das membranas e do Bonelike®, as suas propriedades morfológicas, 
térmicas e físico-químicas foram avaliadas com recurso a diversas técnicas. As membranas 
exibiram uma distribuição aleatória das fibras com um diâmetro médio de 0.51±0.15 μm e 
0.44±0.17 μm no caso das membranas de Poli (L-ácido lático) (PLLA) e PLLA/Bonelike®, 
respetivamente. Ambas as membranas apresentaram igual comportamento hidrofóbico e a de 
PLLA/Bonelike® mostrou possuir maior porosidade do que a composta puramente por PLLA. Os 
padrões da difração de raios-X (DRX) demostraram que o Bonelike® é de facto composto por 
uma matriz de hidroxiapatite modificada com fases secundárias de α e β-fosfato tricálcio (α-
TCP e β-TCP), e provaram ainda a efetiva incorporação deste cerâmico nas membranas de 
PLLA. Os resultados da análise térmica diferencial (ATM) mostraram que a incorporação das 
partículas de Bonelike® leva a uma translação para temperaturas mais baixas de transição 
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vítrea e de cristalização a frio do polímero, e com a temperatura de fusão a registar-se 
aproximadamente nos 150 ºC. A quantidade de Bonelike® presente nas membranas foi 
avaliada através de uma análise termogravimétrica (AT), através da qual foi obtido um 
intervalo de 62-80%. Ademais, a teoria de Kissinger revelou que a incorporação das partículas 
de Bonelike® leva a uma diminuição da energia de ativação do processo de degradação 
térmica. Além disto, estudos de citocompatibilidade e proliferação de células osteoblásticas 
MG-63 foram realizados através de ensaios de MTT e resazurina. A atividade da fosfatase 
alcalina (ALP) foi avaliada como um marcador de diferenciação dos osteoblastos. Em ambos os 
tipos de membranas, as células foram capazes de aderir e proliferar, mas as membranas de 
PLLA/Bonelike® provaram ter melhores propriedades biológicas, uma vez que exibiram 
favorável adesão e crescimento das células osteoblásticas, bem como mostraram um aumento 
na atividade funcional destas células ósseas. 
 
Este trabalho deu origem a uma apresentação oral no “VII INTERNATIONAL MATERIALS 
SYMPOSIUM | XVII CONFERENCE OF SOCIEDADE PORTUGUESA DOS MATERIAIS” (ver Anexo 
A). 
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Abstract 
Surgical bone standard treatments frequently require implantation of autografts and 
allografts, which are methods that have revealed several limitations ranging from the need of 
a separate incision for harvesting, donor site scarcity or even undesirable rejection. Thus, the 
current challenge in bone tissue engineering is to fabricate bioartificial bone graft mimicking 
the extracellular matrix (ECM) with effective bone mineralization. Though, considerable 
interest in nanofibrous materials fabricated by electrospinning technique for tissue 
regeneration has been evidenced.  
Electrospun fibres have a widely range of applications, particularly in the bone 
regeneration field. In fact, the electrospinning technique allows the fabrication of fibre mats 
with high surface-to-volume ratio, tunable porosity and malleability to conform to a large 
variety of sizes and shapes, widening their applicability. Considering that bone is composed of 
organic-inorganic nanocomposites, this work aims at the development and characterization of 
multifunctional electrospun membranes for bone regeneration based on Poly (lactic acid) 
(PLA) and glass-reinforced hydroxyapatite (HA) composites - Bonelike®. PLA has generated 
great interest as one of the most promising biodegradable polymers due to its mechanical 
properties, thermoplastic processability and biodegradability. Bonelike® is a synthetic 
hydroxyapatite sintered in the presence of CaO-P2O5 based glass, which confers improved 
mechanical properties and enhanced bioactivity to the material, ideal for osteoconduction 
and osteointegration as a bone substitute.  
Following the membranes and Bonelike® preparation, their morphological, thermal and 
physico-chemical properties were assessed using several techniques. Membranes exhibited 
random fibre distribution with a mean diameter of 0.51±0.15 μm and 0.44±0.17 μm for Poly 
(L-lactic acid) (PLLA) and PLLA/Bonelike®, respectively. Both membranes presented the same 
hydrophobic behavior and PLLA/Bonelike® showed higher porosity than neat PLLA membrane. 
X-Ray diffraction (XRD) patterns showed that Bonelike® was, in fact, composed of a modified 
HA matrix with α and β-tricalcium phosphate (α-TCP and β-TCP) secondary phases, and 
proved the effective incorporation of this ceramic in the PLLA mats. Differential scanning 
calorimetry (DSC) experiments showed that the incorporation of the Bonelike® particles leads 
to a shift towards lower temperatures of the polymer glass transition and cold crystallization, 
and the melting temperature occurred at ~150 ºC. The real amount of Bonelike® present in 
the membranes was assessed by thermogravimetric analysis (TGA), whereby a range of 62-80% 
was obtained. Moreover, Kissinger’s theory revealed that the incorporation of the Bonelike® 
particles leads to a decrease of the activation energy of the thermal degradation process. 
vi 
 
Furthermore, cytocompatibility and MG-63 osteoblastic cell proliferation studies were 
performed through MTT and resazurin assays. Alkaline phosphatase activity (ALP) was 
assessed as a marker of osteoblasts differentiation. On both types of membranes, cells were 
able to adhere and proliferate, but PLLA/Bonelike® fibre membranes proved to have improved 
biological properties since they exhibited favorable adhesion and growth of osteoblastic cells, 
as well as enhanced functional activity of bone-associated cells. 
 
This work gave rise to an oral presentation at the VII INTERNATIONAL MATERIALS 
SYMPOSIUM | XVII CONFERENCE OF SOCIEDADE PORTUGUESA DOS MATERIAIS (see 
Appendix A). 
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Chapter 1  
 
Introduction 
1.1. Context and Motivation 
People suffering from bone defects arising from trauma, tumor or bone diseases is 
effectively a reality in the present days [1]. In fact, every year are performed several million 
orthopedic procedures by surgeons. At present, the standard treatments for bone repair 
involve in general autografts, where bone is transplanted from another part of the recipient's 
body, and allografts, where bone is transplanted from genetically non-identical members of 
the same species. These grafting solutions present several limitations, namely donor site 
scarcity, rejection, diseases transfer, need of a separate incision for harvesting and post-
operative morbidity [2, 3]. Therefore, there is a need to explore novel biomaterials in bone 
tissue engineering, so that the treatment strategy can be as quickly and efficient as possible. 
In this context, tissue engineering, an emerging interdisciplinary field, has an important 
role to provide functional substitutes for the damaged tissues [4, 5]. This area aims to 
manufacture man-made substitutes (known as scaffolds) capable of mimicking the natural 
tissue environment in order to successfully meet or perhaps surpass the original mechanical, 
structural, and functional properties [4]. The conception of a scaffold with such features is a 
demanding task, bearing in mind that it should provide a transitional three dimensional 
support for cell migration, attachment and proliferation, as well as offer mechanical and 
biological influences to guide the cell behavior until the tissue is formed [5]. 
To satisfy all of these requirements, the electrospinning technique is a versatile 
technique to produce fibrous membranes. This is a flexible process in fabricating randomly or 
aligned fibres that are characteristic of the extracellular matrix (ECM) [4]. Besides, the 
electrospun fibres with diameters ranging from micro to nanometer scale offer several 
advantages such as an extremely high surface-to-volume ratio, tunable porosity, malleability 
to conform to a wide variety of sizes and shapes and the ability to control the nanofibre 
composition [6]. Furthermore, scaffolds consisting of electrospun fibres can be functionalized 
for enhanced cellular activities by incorporating important compounds like hydroxyapatite.  
Doubtless, the current challenge in bone tissue engineering is to fabricate bioartificial 
bone graft mimicking the ECM, allowing, at the same time, an effective bone mineralization 
[1]. 
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In the wake of the aforementioned ideas, different biomaterials, such as bioactive 
ceramics and degradable polymers, have been developed to mimic the mechanical and 
biological properties required by the tissues [7]. However, the electric properties of the 
materials, important to promote electrical stimulus to the cells, have been bleached in these 
advancements. More recently, conductive polymers have been used for tissue engineering 
applications, but some drawbacks exist concerning these materials, such as the need of an 
external power source to promote electrical stimuli to the cells and their inability to 
biodegradation, which may induce chronic inflammation and required surgical removal [8]. 
Therefore, the next generation of biomaterials must combine biological, chemical, 
mechanical and electrical stimulatory cues, being the last one without wires [9, 10]. 
In addition to conductive polymers, piezoelectric polymeric materials have also been 
considered for tissue and biomedical applications. Piezoelectric materials generate transient 
surface charges by tiny mechanical deformations of the material under mechanical 
solicitation and do not require additional energy sources or electrodes. Piezoelectricity is a 
property of many non-centrosymmetric ceramics, polymers and other biological systems and 
seems to have therefore prospective utility to promote cell growth and proliferation by its 
electromechanical stimulation [11, 12]. 
In 1953, Yasuda et al. [13] discovered that bone produces electricity by bending 
deformation, where the compressed and the elongated regions are respectively, negatively 
and positively polarized, being the callus formed in the negatively polarized regions. Since 
this work intends to achieve a better bone regeneration, it is crucial to have in mind the 
piezoelectric properties of the biomaterials. 
This dissertation aims at the development and characterization of multifunctional 
electrospun membranes for bone regeneration, based on PLA and glass-reinforced HA - 
Bonelike®.  
PLA has generated great interest as one of the most promising biodegradable polymers 
due to its mechanical properties, thermoplastic processability and biodegradability, becoming 
highly attractive for biological and medical applications [3, 14]. Furthermore, the degradation 
products of poly(lactides) are nontoxic, which is fundamental to its applications in 
biomedicine field. In addition, PLA is also known for the piezoelectric activity similar to the 
one found in human body [13, 15, 16].  
Regarding Bonelike®, it is a synthetic HA which is sintered in the presence of CaO-P2O5 
based glass using a patented process [owned by Biosckin SA (WO2000068164 A1) [17]]. 
Hydroxyapatite (Ca10(PO4)6(OH)2) is the major mineral constituent of the bone matrix but its 
fragile characteristic and its low reabsorption rate by the organism compromise the recovery 
of bone normal strength, causing the bone to remain brittle and easily prone to fractures [18, 
19]. Bonelike® will be incorporated within the fibre membranes since it is a material with 
improved mechanical properties and enhanced bioactivity, when compared to the usual 
commercial HA [19]. Bonelike® particles have a highly controlled micro and macroporous 
structure, making it also ideal for osteoconduction and osteointegration as a bone substitute. 
Considering that bone is composed of organic-inorganic nanocomposites and taking into 
account the properties of PLA and the Bonelike®, the ceramic-polymer approach of this work 
intends to achieve a bone regenerative matrix with improved biological, electrical, 
mechanical and electromechanical properties. 
  
3 
 
Chapter 2  
 
State of the Art 
2.1. Bone 
First of all, it is important to understand the biomechanical and biological properties of 
bone in order to make the right decision on the choice of the materials that fit a potential 
bone regenerative matrix to reconstruct eventual bone damages. 
Bone is a complex, highly organized and specialized connective tissue.  When compared 
to soft tissues, bone is physically hard and rigid, and contains relatively few cells with 
abundant intercellular matrix in the form of collageneous fibres and stiffening inorganic 
substances [20]. Bone is responsible for different functions, such as structural support, 
protection and storage of healing cells, and mineral ions homeostasis [20, 21].  
In an architectural viewpoint, bone is composed by the following three levels of 
structures, which define the organization of the bone tissue [21]: 
 Nanostructure (non-collagenous organic proteins, fibrillar collagen, mineral crystals); 
 Microstructure (lamellae, osteons, Haversian systems); 
 Macrostructure (cancellous and cortical bone). 
There are three types of cells comprising the bone: osteoblasts, osteocytes and 
osteoclasts (Figure 2.1). Acting in a synergetic way, they are responsible by the bone 
remodeling process. 
Osteoblasts (bone forming-cells) are located on the surfaces of bone and regulate the 
formation and organization of the bone ECM and its subsequent mineralization. Osteoblasts 
are activated by growth factors (e.g. insulin-like growth factors I and II) secreted by 
osteoclasts and/or osteocytes to deposit calcium-containing minerals [21]. 
Osteoclasts (bone-resorbing cells) adhere to the bone surface through integrins, which are 
specialized cell surface receptors. Osteoclastic bone resorption takes places towards an 
initial mineral dissolution followed by the degradation of bone. Osteoblasts are activated by 
cytokines, proteins or growth factors of the bone matrix [20, 21].  
Osteocytes (bone-maintaining cells) also regulate new bone formation due to their action 
in modulating the osteoblasts differentiation from noncalcium-depositing to calcium-
depositing cells. This is only possible by the osteocytes secretion of growth factors (insulin-
like growth factor I and transforming growth factor b) [20].  
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Figure 2.1. Schematic illustration of bone structure at cellular level [20]. 
2.2. Fibres 
A fibre has several definitions, according different professional viewpoints. In a geometric 
perspective, a fibre can be defined as a slender, elongated threadlike object or structure [22].  
The production of fibres with smaller diameters, in the micron to submicron range (10-100 
µm) or even on the nanometer range (10–100 nm), confers unique properties to the fibres, 
such as very large surface area to volume ratio, flexibility in surface functionalities and 
superior mechanical performance (stiffness and strength) as compared to any other form of 
the materials [23]. The above mentioned characteristics provide a variety of important 
applications to the polymeric nanofibres.  
Polymeric nanofibres can be processed by different techniques, such as electrospinning, 
drawing, template synthesis, phase separation and self-assembly [22, 23]. Nevertheless, 
electrospinning seems to be the ideal method since it is cost effective and allows the 
production of one-by-one continuous nanofibres from various polymers. In addition, the 
process can be scaled to a mass production [22, 23]. Depending on the spinning conditions, 
electrospinning can be used to produce novel fibres with diameters ranging from micro to 
nanometer scale [23]. 
Fibrous structures of diverse arrangements and morphologies may be obtained from 
different parameters used in the electrospinning process, as it will be further discussed. This 
can lead to the formation of fibres with a variety of cross-sectional shapes. Round fibres, flat 
fibres, branched fibres and split fibres are shown in Figure 2.2. 
 
 
Figure 2.2. Electrospun fibres. [A] Fibres with circular cross section. [B] Flat fibres. [C] Branched 
fibres. [D] Split fibres [24]. 
Sometimes, beaded fibres can also be formed. Furthermore, depending on the spinning 
conditions, the morphology of beads changes from spherical to spindle-like shape to finally 
uniform fibres (Figure 2.3). 
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Figure 2.3. Schematic image of: [A] Fibre with spherical like beads; [B] Fibre with spindle like beads; 
[C] Bead-free fibre (uniform fibre). Adapted from [25]. 
2.3. Electrospinning 
Electrospinning is an old method of electrostatic fibre production technique. Its first 
observation is dated 1897 by Rayleigh. The method was studied in detail by Zeleny (1914) on 
electrospraying and it was patented by Formhals in 1934 [26]. 
Electrospinning has evidenced great versatility and potential for generating thin and 
ultrathin fibres from different materials such as polymers, composites and ceramics, with 
potential applications in several technological and scientific fields. This method had gained 
particular attention in the last decade, not only due to its capacity in spinning a wide variety 
of polymers, but also due to its ability to produce fibres in the submicron range. Easily, fibres 
ranging from 2 nm to several micrometers are obtained with this method (whereas it is a 
difficult task to achieve it with other standard mechanical fibre-spinning techniques) [26]. 
Moreover, electrospun fibres offer several advantages, such as an extremely high surface-to-
volume ratio, tunable porosity, malleability to conform to a wide variety of sizes and shapes 
and the ability to control the nanofibre composition [26]. 
Figure 2.4 shows schematic diagrams of the two standard electrospinning setups, vertical 
and horizontal. Three major components are fundamental to fulfill the process: a high-
voltage power supply, a spinneret (a metallic needle) and a collector (a grounded conductor). 
In terms of the voltage supplier, a direct current (DC) is usually used. Nevertheless, the 
use of alternating current (AC) is also possible and feasible. A spinneret is connected to the 
syringe where the polymer solution (or melt) is hosted. Using a syringe pump, the solution is 
fed through the spinneret at a controllable rate. As a result, a pendent drop of the solution is 
formed at the nozzle of the spinneret. Due to the high voltage (usually between 1 and 30 kV), 
an electrically charged jet of solution is thus ejected and after an evaporation phenomenon, 
the solution is collected as an interconnected web of small fibres [27]. Although it seems to be 
an extremely simple process, this mechanism is rather complicated. So, it is important to 
understand in greater detail the electro-fluid-mechanical issues behind the electrospinning 
technique.  
As shown in the Figure 2.4, one electrode is placed into the spinning solution/melt and 
the other at the collector level. When high voltage is applied, the pendent drop becomes 
electrified and the induced charges are distributed over the surface. Subsequently, the drop 
experiences electrostatic repulsion between the surface charges and also the Coulombic 
force exerted by the external electric field [23, 27]. As a result of these electrostatic actions, 
the spherical shape of the drop is distorted into a conical configuration, commonly known as 
the Taylor cone (see in Figure 2.4 [A]). As soon as the electrical field attains a critical 
voltage, Vc, the repulsive electrostatic forces overcome the surface tension of the polymer 
solution, forcing the ejection of the fluid from the tip of the spinneret. Meanwhile, the 
solvent evaporates and attracted by the grounded collector, the charged fibre is deposited as 
a randomly oriented mesh.  
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Figure 2.4. Schematic illustration of the basic setup for electrospinning – [A] and [B] show, 
respectively, the typical vertical and horizontal setup. The Taylor cone formed in the nozzle of the 
spinneret is also illustrated [26, 27].  
2.3.1. Effects of Various Parameters on Electrospinning 
The polymer transformation into nanofibres through electrospinning is dependent on 
many parameters, generally classified into solution parameters, process parameters and 
ambient parameters [22, 26]. Viscosity (or concentration), conductivity, surface tension and 
molecular weight encompass the solution parameters. The processing parameters include the 
electric field (voltage and the distance between the tip and the collector) and the 
feeding/flow rate [26]. Both kinds of parameters will affect the fibres morphology. In addition 
to these variables, the humidity, temperature and pressure of the surroundings are the 
ambient parameters which may also play an important role in determining the morphology 
and diameter of the electrospun fibres [26, 27]. Varying the aforementioned parameters, it is 
possible to come out with different setups to fabricate fibrous structures of diverse 
arrangements and morphologies. 
2.3.1.1. Solution Parameters 
2.3.1.1.1. Concentration and Viscosity 
The solution viscosity is strongly related to its concentration. The solution viscosity is 
proportional to the polymer concentration, so, these parameters are herein discussed 
together. 
The concentration of the solution is a crucial variable in the electrospinning process, 
since a minimum solution concentration is required. Previous studies showed that there 
should be found the optimum concentration to obtain good results [22]. Low solution 
concentration leads to a mixture of beads and fibres. On the other hand, at high 
concentrations it is almost impossible the formation of continuous fibres, due to the inability 
to control and maintain the flow of the polymer solution at the tip of the needle, due to the 
cohesive nature of the high viscosity solutions. Therefore, increasing the solution 
concentration or viscosity it is possible to create larger fibres [26]. In fact, there is in the 
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literature a power law relationship that depicts the increase on the fibre diameter with 
increasing polymer concentration [28]. 
Viscosity plays a crucial role in determining the fibre size and morphology. At a lower 
viscosity, there is no continuous fibre formation and certain concentration drops will form 
instead of smooth fibres. This is the consequence of the higher amount of solvent molecules 
and fewer polymer chain entanglements, which will mean that surface tension has a 
dominant influence along the electrospinning jet, causing beads to form along the fibre [22].  
Using high solution viscosities, the fibre processing will be prohibited by the difficulty in the 
ejection of jets from the solution. As a result, there is less stretching of the solution, 
resulting in larger fibre diameter and needle clogging.  In the literature are pointed out 
maximum spinning viscosities ranging from 1 to 215 poise [26]. Furthermore, other researchers 
that focused their work in the polyethylene oxide (PEO) fibres described the production of 
uniform electrospun fibres using a range of viscosity between 1 and 20 poise [29]. It was also 
reported that as the viscosity of the solution is increased, beads and beaded fibres are less 
likely to be formed. However, beads do not completely disappear and if there is any, for the 
more viscous solutions, its diameters become bigger and the average distance between the 
beads on the fibres longer. Meanwhile, as the viscosity increases, the shape of the beads 
gradually changes from spherical to spindle-like [29]. Figure 2.5 shows the different fibre 
morphologies according to different viscosities for PEO. 
  
 
Figure 2.5. SEM photographs of the morphology of PEO beaded fibres, obtained by electrospinning, 
versus solution viscosity. The horizontal edge of each image represents 20 microns long. Adapted from 
[29]. 
2.3.1.1.2. Molecular Weight 
As discussed before, the polymer concentration affects the solution viscosity. 
Nevertheless, the molecular weight of the polymer which represents the length of the 
polymer chain, also have a significant effect on the viscosity of the solution since the polymer 
length determines the amount of entanglements of the polymer chains in the solvent [22]. 
Besides, the molecular weight can influence other variables, such as the surface tension, 
conductivity and dielectric strength [26]. 
Molecular weight will affect the morphology of electrospun fibres and usually high 
molecular weight polymer solutions are preferred, as they provide the desired viscosity for 
 8   State of the Art 
 
 
 
fibre fabrication. Considering the dissolution of different polymers in the same solvent, in the 
majority of cases, polymers with higher molecular weight lead to higher solution viscosity 
than polymers with lower molecular weight [22]. Bearing in mind the effect of the molecular 
weight on the solution viscosity, the fibre morphology according to the molecular weight is 
already predictable. So, low molecular weight solution contributes to form beads rather than 
smooth fibres, whereas high molecular weights tend to form fibres with larger diameters. 
Molecular weight reflects the number of entanglements of polymer chains in a solution, 
which are in turn fundamental to the electrospinning process. During the stretching of the 
polymer solution, it is the entanglement of the molecule chains that prevents the electrically 
driven jet from breaking up, thus maintaining a continuous solution jet [22, 26]. Even when the 
polymer concentration is too low, the entanglements of the polymer chains may be capable 
of ensuring an acceptable viscosity to produce uniform jets during the electrospinning, and 
thus inhibiting, in a certain way, the effect of the surface tension that would lead to beads 
formation on the fibres [26]. 
2.3.1.1.3. Surface Tension 
Surface tension is considered the primary force opposing the Coulomb repulsion, thus the 
electrospinning process is initiated only when the repulsion forces overcome the surface 
tension of the charged solution [22, 30]. 
Surface tension provokes a decreasing in the surface area per unit mass of a fluid. Hence, 
for low viscosity (high concentration of free solvent molecules), the solvent molecules tend 
to congregate and adopt a spherical shape due to the surface tension (Figure 2.6 [A]) [22]. On 
the other hand, with higher viscosity, the tendency of the solvent molecules to come 
together by the action of the surface tension is minimized, since there is a greater 
interaction between the solvent and polymer molecules [22]. Consequently, solvent molecules 
will spread over the entangled polymer molecules as soon as the solution is stretched along 
the electrospinning process (Figure 2.6 [B]). 
 
 
Figure 2.6. Effect of the surface tension on the solvent distribution. [A] High viscosity solution – the 
solvent molecules are completely distributed over the entangled polymer molecules. [B] Low viscosity 
solution - the solvent molecules have the tendency to congregate and adopt a spherical shape. Adapted 
from [22]. 
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Reducing the surface tension of the polymer solution, fibres without beads can be 
obtained. Bearing in mind that surface tension is function of the solvent composition in the 
solution, beaded fibres may be converted into smooth ones, using for that solvents with low 
surface tensions [22]. Nonetheless, it is important to clarify that the low surface tension of a 
particular solvent does not mean that it is suitable for electrospinning. Basically, the surface 
tension only determines the upper and lower boundaries of the electrospinning window if all 
other parameters are fixed.  
Yang and Wang [31] tested the influence of solvents with different surface tensions on the 
formation of electrospun ultrathin PVP nanofibres. Using different solvents (ethanol, 
dimethylformamide (DMF) and dichloromethane (MC)) but identical concentration, voltage 
and tip-to-collector distance, they proved that in fact, reducing the surface tension of the 
solution makes possible to convert beaded fibres into smooth ones. Figure 2.7 illustrates the 
obtained fibres. The same researchers also demonstrated that the surface tension and 
solution viscosity can been adjusted by changing the mass ratio of solvents mix [31].  
 
 
Figure 2.7. TEM images of PVP electrospun nanofibres from [a] ethanol, [b] MC, and [c] DMF (PVP: 4 
wt.%). The surface tension (in centipoise) of each one of the systems is (a) 29.3, (b) 38.7, (c) 47.1. 
Nanofibres from ethanol present a largely smooth distribution (100-625 nm). A lot of spindle-like beads 
are seen on the nanofibres from MC solution. Sphere-like beads are shown on the nanofibres from DMF 
solution [31]. 
2.3.1.1.4. Conductivity 
Solution conductivity is mainly determined by the polymer type, solvent sort and the salt. 
Considering that, during the electrospinning process, repulsion of the charges at its surface 
causes the stretching of the solution, with an increased conductivity, more charges will be 
carried by the electrospinning jet. The conductivity of the solution can be increased by the 
addition of ions [22]. Thus, when any polyelectrolyte or salt is added to the solution, the 
larger amount of charges will cause an increased stretching of the solution, leading to the 
formation of smooth fibres. Otherwise, a low conductivity may be responsible by the 
production of beaded fibres. Besides, the electrical conductivity of the solution has a direct 
influence with respect to the fibre diameter. If the conductivity of a solution is increased, 
the diameters of the resultant fibres can be significantly reduced. This increase in charges 
also results in a greater bending instability, leading to an increase in deposition area of the 
fibres [22]. 
As understandable, high solution conductivities also has the benefit of lowering the 
critical voltage required to initiate the electrospinning process [22].   
It is referenced in the literature that the size of the ions has an important impact on the 
resulting fibre diameter [32]. Electrospun fibres were obtained from 30 wt% PDLA solution with 
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different ion compositions: 1 wt% NaCl or 1 wt% KH2PO4 or 1 wt% NaH2PO4. The fibres 
electrospun from the solution with NaCl exhibited the smallest average diameter. Fibres 
electrospun from solution with NaH2PO4 had the largest diameter and fibres electrospun from 
solution with KH2PO4 presented an intermediate diameter 
[32]. This means that ions with 
smaller atomic radius have a higher charge density and thus a higher mobility under an 
external electrostatic field. As sodium and chloride ions have smaller radius than potassium 
and phosphate ions, the elongational forces imposed on the jet with NaCl were higher, 
producing fibres with smaller diameters [22, 32]. 
The solution conductivity can still be increased by changing the pH of the solution. As said 
before, ions addition will increase the solution conductivity. However, that addition can also 
lead to an increase in the solution viscosity, which in turn will cause an increase in the fibre 
diameter. In spite of increasing conductivity, the viscoelastic force becomes stronger than 
the Coulombic one, preventing the jet formation [22]. 
2.3.1.2. Processing Parameters 
2.3.1.2.1. Electric Field 
The electric field is expressed in terms of voltage/distance, where the distance in the 
specific case of electrospinning represents the gap between the tip of the needle and the 
collector [33]. 
The application of a high voltage is crucial to initiate the electrospinning. Whilst the 
critical voltage is not achieved, there is no fibre formation [27]. In other words, this critical 
voltage will induce the necessary charges on the solution, which is required for the 
electrostatic force in the solution to overcome its surface tension. 
Usually, a voltage of more than 6 kV (negative or positive) is sufficient to the spherical 
shape of the solution drop at the spinneret tip to distort into the conical configuration 
(Taylor cone), followed by the jet initiation [22]. 
The voltage effect in the fibres morphology is not yet completely understood and there 
are controversial ideas about it. In the specific case of polyethylene oxide, Reneker and Chun 
[26] developed an experiment where they showed that there is no significant influence of the 
electric field on the fibre diameter. Still, Zhang et al. demonstrated that when higher 
voltages are used, there is more polymer ejection, leading to the formation of larger fibres 
[34]. On the other hand, other authors referred that in most cases, a higher voltage will lead 
to greater stretching of the solution caused by the greater Coulombic forces in the jet, as 
well as the stronger electric field. As a result, there will be a reduction of the fibres 
diameter [22]. It was also found that high voltages can be responsible for beads formation 
which may be the result of increased instability of the jet as the Taylor Cone recedes into the 
syringe spinneret [22].  
The flight time of the electrospinning jet may influence the fibre diameter and this 
aspect can be correlated with the voltage. For example, at a lower voltage, there is reduced 
jet acceleration and thus the weaker electric field increases the flight time. As a result, 
before the fibres reach the collector, they have more time to stretch and elongate, favoring 
the production of finer fibres. 
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The high voltage may also have an important impact in the crystallinity of the polymer 
fibre. The electrostatic field promotes the ordering of the polymer molecules, inducing a 
greater crystallinity in the fibre [22]. However, this is not always as linear as expected, since 
above a certain voltage, the crystallinity of the fibre may be reduced. Once again, the flight 
time is related with it. For a higher voltage, the acceleration of the fibres will increase, 
meaning less flight time of the electrospinning jet. This has a repercussion in the fibre 
crystallinity, bearing in mind that fibres will be deposited on the collector before the 
polymer molecules have enough time to align itself [22]. 
The distance between the tip and the collector will directly influence the flight time and 
the electric field which in turn have important roles to control the fibre diameters and 
morphology [22]. This distance should be optimized in order to give enough time to 
evaporation of solvent from the nanofibres [26].  
At short distances between the tip and the collector, the jet has a short travel before 
reaching the collector. Moreover, this causes an increase in the electric field strength, 
increasing therefore the jet acceleration. Solvents may not have sufficient time to evaporate, 
thus creating an interconnected fibre mesh (Figure 2.8 [B])[35]. Although this is far way to be 
desirable in the electrospinning, the merged fibres result in inter and intra layer bonding with 
improved strength.  
 
 
Figure 2.8. Electrospun nylon using different distances between the tip and the collector. [A] Deposited 
at 2.0 cm, resulting in round fibres. [B] Deposited at 0.5 cm, resulting in flat fibres [35]. 
The tip to collector distance does not have always a significant effect on the fibre 
morphology. This is dependent on the solution properties that we deal with. However, in 
general, beads formation is reported when the distance is either too close or too far [26]. 
In terms of fibre diameter, it was shown different conclusions. There are circumstances 
where longer distances result in a decrease in the average of fibre diameter and others where 
the opposite happens (longer distance lead to an increase of the fibre diameter) [22]. The first 
event may be interpreted by the longer flight time, which allows the jet to stretch before 
reaching the collector. The increase of the diameter for long distances is due to a decrease in 
the electrostatic field strength, which means that there is less stretching action. 
2.3.1.2.2. Flow Rate/ Feed Rate 
The flow rate is an important process parameter since it will determine the amount of 
solution available for electrospinning. Jet velocity and the material transfer rate depend on 
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the flow rate. Generally, it is recommended a lower feed rate as the solvent will have enough 
time for evaporation [36]. Nevertheless, a minimum flow rate of the spinning solution is 
demanded. On the contrary, high flow rates result in beaded fibres owing to insufficient 
drying time. If the feed rate is even increased, there is a proportional increase in the fibre 
diameter or beads size (Figure 2.9). 
 
 
Figure 2.9. Polycaprolactone fibres with increasing beads size with increasing feed rate: [A] 0.5 
mL/hour and [B] 2 mL/hour [22]. 
2.3.1.3. Ambient Parameters 
In this section, ambient parameters like humidity, temperature and pressure will be 
discussed. There is lack of investigation about the effect of the electrospinning jet 
surrounding but, some aspects regarding the pointed out parameters were already reviewed 
in the literature [22]. 
2.3.1.3.1. Humidity 
The humidity of the environment may have different impacts during the electrospinning 
process. The variation in humidity was assessed during the spinning of polystyrene solutions. 
It was shown that by increasing the humidity, small circular pores are formed on the fibre 
surfaces. The size of pores increases with increasing humidity until they coalesce to form 
thereby large and non-uniform shaped structures [22].  S. Ribeiro et al. also reported that the 
texture of electrospun materials is indeed affected by humidity - larger pores are formed 
with increasing humidity [37]. 
The humidity of the surroundings will also determine the evaporation rate of the solvent 
in solution. A volatile solvent will dry rapidly in the presence of very low humidity. So, the 
solvent evaporation rate is faster than the removal of the solvent from the tip of the needle. 
Therefore, the electrospinning process stops within few minutes because the needle tip will 
clog [38]. 
2.3.1.3.2. Pressure 
The electrospinning process should be run at atmospheric pressure. Otherwise, when the 
pressure is below the atmospheric pressure, the polymer solution held in the syringe will tend 
to flow out of the spinneret, causing unstable jet initiation. Besides, at a very low pressure 
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the electrospinning is simply impossible. Herein, there is a direct discharge of the electrical 
charges [22]. 
2.3.1.3.3. Temperature 
The temperature effect on electrospinning is strictly related to the viscosity of the 
polymer. There is an inverse relationship between the temperature and the viscosity. Hence, 
when a polymer is electrospun at high temperatures, there is a yield of fibres with decreased 
fibre diameter. This is due to the consequent decrease in the fibre viscosity, in which the 
Coulombic forces exert a greater stretching force on the solution, thus resulting in the 
narrowing of the fibres [22]. 
 
Summing up and as understandable, the electrospinning process may be influenced by a 
large variety of parameters. These variables are not independent of each other, thus it is 
important to make a judicious and balanced decision about it, so that the important features 
that optimize the technique are met. Table 2.1 summarizes the principal effects of the 
aforementioned parameters in the electrospun fibre morphology. 
 
Table 2.1 — Electrospinning parameters and their respective effect on fibre morphology. Adapted from 
[26]. 
PARAMETERS EFFECT ON FIBRE MORPHOLOGY 
Solution parameters  
Viscosity 
Low–beads generation, high-increase in fibre diameter, 
disappearance of beads. 
Polymer 
concentration 
Increase polymer concentrations lead to increased fibre diameter. 
Molecular weight of 
polymer 
Higher molecular weight of polymer leads to less number of beads 
and droplets. 
Conductivity Decrease in fibre diameter with increase in conductivity. 
Surface Tension 
Reducing the surface tension of the polymer solution, fibres 
without beads can be obtained. No other conclusive link between 
the surface tension and fibre diameter. 
Processing parameters  
Voltage 
Generally, there is a decrease in fibre diameter with increase in 
voltage (not consensual) 
Tip to collector 
distance 
Generation of beads with too small and too large distance, 
minimum distance required for uniform fibres. 
Feed/flow rate 
Low flow rate leads to thinner fibres. If flow rate is too high, 
generation of beads occurs. 
Ambient parameters  
Humidity Circular pores are generated on the fibre in cases of high humidity. 
Temperature Increase in temperature results in decrease in fibre diameter. 
Pressure 
Atmospheric pressure is preferential. No conclusive link with fibre 
morphology. 
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A suitable solvent should be used for dissolving the polymer. Its vapor pressure has to be 
suitable too, allowing a quick solvent evaporation before the polymer reaches the collector. 
Regarding the viscosity and surface tension of the solvent, they must neither be too large to 
prevent the jet from forming, nor be too small, which would cause the free drain of the 
polymer solution from the pipette. The power supply should fulfill two objectives: overcome 
the viscosity and the surface tension of the polymer solution. Finally, the gap between the 
tip of the spinneret and the grounded collector has to be large enough for the solvent 
evaporation [22]. 
2.3.2. Fibre Alignment 
As noticed, there is a certain control over the fibre morphology with the electrospinning 
process. However, a basic setup of electrospinning can only yield randomly aligned 
nanofibres. This restricts the areas where fibre mats can be used. This is easily understood 
with the following examples: Aligned fibres are characteristic of some tissues extracellular 
matrix (ECM) [4]. It is also reported that aligned polymer fibre-based constructs present 
topographical cues that facilitate the regeneration of peripheral nerves across long nerve 
gaps [39]. In order to fully explore all the capacities of the electrospinning and thus solving 
the aforementioned problems, different approaches were already explored to obtain aligned 
fibre membranes. Here, it is discussed two main approaches which involve a different design 
of the collector in the electrospinning setup. 
2.3.2.1. Cylinder Collector and Thin Wheel with Sharp Edge 
The most basic form of getting aligned fibres is through the use of a rotating mandrel 
(Figure 2.10 [A]). By rotating the cylinder collector at a very high speed up to thousands of 
rpm (round per minute), aligned fibres are obtained along the circumference of the mandrel 
[22, 23]. This method has been successful in obtaining aligned fibres [22]. Nonetheless, the 
degree of alignment is only possible to some extent.  
Since the jet during the electrospinning is traveling at a very high speed, it is necessary 
that the mandrel is rotating at a very high speed so that fibres can be taken up on the surface 
of the mandrel and wounded around it [22]. Such a speed can be called as an alignment speed 
and if the surface speed of the cylinder in slower than the alignment one, randomly fibres 
will be collected [23]. On the other hand, there is too a limit rotating speed, otherwise an 
overfast speed may break the fibre jet. 
Using a similar approach but with the configuration of a thin wheel/collector with sharp 
edge, there is significant advancement in collecting aligned electrospun fibres. Nanofibres 
are positioned and aligned on a tapered and grounded wheel-like bobbin (Figure 2.10 [B]). 
This is advantageous when compared to the previous methodology since the tip-like edge 
substantially concentrates the electrical field [23]. As a result, electrospun fibres are almost 
all attracted by it and are therefore continuously wound on the bobbin edge of the rotating 
wheel. It is important to refer that nanofibres retain a certain residual charges and as soon as 
they reach the collector, repulsive forces are exerted on the next fibre to be attracted. It 
results in separation between the deposited nanofibres. 
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2.3.2.2. Parallel Conducting Collector 
In this method, the alignment of the electrospun fibres is obtained purely trough a 
different behavior of the electrospinning jet in the electrostatic field. Xia and Li [27] 
demonstrated that by using a collector consisting of two conductive strips separated by a void 
gap (Figure 2.10 [C]), electrospun fibres could be uniaxially aligned. Introducing a gap 
between the collectors will alter the configuration of electrostatic forces acting on the fibres 
(Figure 2.10 [C]). Since the electrospinning jet is influenced by the electrostatic field profile, 
the charged fibres are stretched to align themselves perpendicular to each edge of the gap  
[22, 27]. Moreover, the electrostatic repulsions between the deposited nanofibres will enhance 
the parallel and relatively even distribution of the fibres. 
 
 
Figure 2.10. Schematic electrospinning setups to obtain aligned fibres. [A] Cylinder collector [22]. [B] 
Thin wheel with sharp edge collector [23]. [C] Two parallel conducting collector and the profile of the 
electric field (adapted from [22, 27]). 
2.3.3. Polymers and Solvents Used in Electrospinning 
So far, a wide range of polymers have been successfully used in electrospinning and are 
able to form fine nanofibres within the submicron range [23, 26]. Electrospun nanofibres can be 
either originated from synthetic polymers, from natural polymers or even from a blend of 
both including proteins [26].  
Natural polymers can be advantageous over the synthetic considering their capability for 
binding cells since they carry specific protein sequences, such Arginylglycylaspartic Acid 
(RGD). However, natural polymers already reported to cause some problems in terms of their 
partial denaturation [26]. Herein, the synthetic polymers are preferred as they can be tailored 
to give specific mechanical properties (strength and viscoelasticity) or desired degradation 
rate.  
In the field of natural polymers, collagen, chitosan, gelatin, casein, cellulose acetate, silk 
protein, chitin, fibrinogen were already used with electrospinning. The fabrication of 
electrospun fibres was also performed with numerous synthectic polymers such as, poly (ε-
caprolactone) (PCL), poly (lactic acid) (PLA), poly (glycolic acid) PGA, polyurethane (PU), 
poly (lactide-co-glycolide) (PLGA) and poly (L-lactide-co-ε-caprolactone) [P(LLA-CL)] [26]. 
 It is possible to perform the electrospinning technique using a polymer melt instead of a 
polymer solution. Nevertheless, most of the polymers are electrospun using polymer 
solutions. For that reason, polymers are dissolved in solvents before electrospinning.  
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As discussed before, morphology and size of electrospun nanofibres are strongly 
influenced by the solution properties like the surface tension. Since different solvents will 
interfere in the surface tension solution (generally, the decrease in surface tension leads to 
thinner fibres), a judicious choice of what solvent should be used is demanded. Besides, 
solvent vapour pressure plays an important role in determining the evaporation rate and 
drying time of the electrospinning jet. Different solvents were already used and tested in the 
electrospinning process, where their effect in the fibres morphology was assessed [26]. Table 
2.2 shows some solvents that may be used in the electrospinning and their respective 
properties that should be taken in consideration during it. Since in this work PLA polymer will 
be used, it is important to perceive what solvent should be used to prepare the polymeric 
solution. Fang et al. dissolved PLLA into dichloromethane/ dimethylformamide (70:30) [40], 
which is the solvent mixture that will be used to prepare our polymeric solution. 
 
Table 2.2 — Properties of different solvents used in electrospinning [26]. 
SOLVENTS 
SURFACE 
TENSION 
(mN/m) 
DIELECTRIC 
CONSTANT 
BOILING 
POINT (ºC) 
DENSITY 
(g/mL) 
Chloroform 26.5 4.8 61.6 1.498 
Dimethylformamide 37.1 38.3 153 0.994 
Hexafluoro isopropanol 16.1 16.7 58.2 1.596 
Tetrahydrofuran 26.4 7.5 66 0.886 
Trifluoro ethanol 21.1 27 78 1.393 
Acetone 25.2 21 56.1 0.786 
Water 72.8 80 100 1.000 
Methanol 22.3 33 64.5 0.791 
Acetic acid 26.9 6.2 118.1 1.049 
Formic acid 37 58 100 1.21 
Dichloromethane 27.2 9.1 40 1.326 
Ethanol 21.9 24 78.3 0.789 
Tri fluoro acetic acid 13.5 8.4 72.4 1.525 
2.3.4. Electrospinning Applications 
As it could be noticeable, electrospun fibres provide several advantages, such as high 
surface to volume ratio, very high porosity and enhanced physico-mechanical properties. 
These characteristics, aligned with the relatively high production rate and simplicity of the 
setup, make electrospinning highly attractive to a wide range of applications [26, 41]. Figure 
2.11 summarizes the application areas of electrospun fibres. However, attending in Figure 
2.12, which depicts the main fields targeted by US patents on electrospun fibres, it is easily 
realized that some of the applications presented in Figure 2.11 did not reach the industry 
level yet [23]. Nevertheless, they have being more and more a target of researches due to 
their potentialities.  
Bearing in mind the context of this work, the biomedical applications of the electrospun 
fibres will be discussed from now on. In the biomedical area, electrospun fibres are broadly 
applied as tissue engineering scaffolds, as prostheses, in wound healing , in drug delivery, 
among others [26]. In a biological approach, considering that almost the human tissues and 
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organs are deposited in nanofibrous forms and structures, it seems logic the use of 
electrospun fibres in contact with bone, dentin, cartilage or even with the skin. There are 
also reports that in fact cell-matrix and cell-cell interactions are enhanced and promoted by 
electrospun fibres [26].  
With respect to medical prostheses or/and tissue engineering, nanofibrous scaffolds 
produced with electrospinning technique have been considered for dermal tissue engineering, 
bone and cartilage, arterial blood vessels, heart, nerves [23, 26].    
Polymers nanofibres can also be used for the treatment of wounds or burns of a human 
skin, where an action directed to the formation of normal skin growth instead of the 
formation of scar tissue, is pretended. Drug delivery with polymer nanofibres is based on the 
principle that the dissolution rate of a given particulate drug increases with increasing 
surface area which would be the drug and the nanofibrous carrier [26]. 
 
 
Figure 2.11. Current and potential applications of electrospun polymer nanofibres [23]. 
 
 
Figure 2.12. Main application fields targeted by US patents on electrospun nanofibres [23]. 
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2.4. Poly (lactic acid) (PLA) 
Polymers consist of long chain molecules with repeating units called monomers that are 
mostly covalently bonded. The monomer must either have reactive functional groups or have 
double bonds, which may react under suitable conditions to provide the covalent linkage 
between the repeating units [22]. 
Polymer products are largely required for a large variety of application in diverse fields. 
With respect to the biomedical applications, biodegradable polymers have gained more and 
more interest [14].  
Among the family of biodegradable aliphatic polyesters, PLA is one of the most promising 
polymers since it gathers important requirements, such as its thermoplastic processability 
and its biological biocompatibility [14]. Moreover, the degradation products of polylactides are 
also nontoxic and PLA has high mechanical performance when compared to those of 
commercial polymers such as polyethylene and polystyrene [14, 42]. 
The chemistry of PLA comprises two main steps, namely the processing and 
polymerization of its building block - lactic acid monomer [14]. Lactic acid (2-hydroxy 
proprionic acid) is a simple chiral molecule which can exists as two enantiomers, L- and D-
lactic acid (Figure 2.13).  
 
 
Figure 2.13. Optical isomers of lactic acid [14]. 
Depending on the proportion of the enantiomers, different PLA properties can be 
obtained [43]. The L-isomer [i.e., poly-(L-lactic acid) (PLLA)] has been attracting much 
attention because it is producible from renewable resources such as starch [42].  
Generally, the lactic acid is produced by fermentation in which corn starch is converted 
into lactic acid by bacterial action of Lactobacillus. Regarding the polymerization of the 
lactic acid to high molecular weight PLA, there are two main processes: (1) direct 
condensation (solvents under high vacuum) and (2) formation of the cyclic dimer 
intermediate lactide (solvent free) [14].  
Commercial PLA are copolymers of poly(L-lactic acid) (PLLA) and poly(D,L-lactic acid) 
(PDLLA). PLA physical properties can be tailored by material modifications [14]. For example, 
the melting temperature (Tm), glass transition temperature (Tg) and crystallinity decrease 
with decreasing L-isomer content [43].  
In this work, 100/0 (L/D, L)-PLA will be used (PURASORB® PL 18, PLLA). Table 2.3 
summarizes some of the physical characteristics of PLLA. 
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Table 2.3 — Properties of PLLA [14, 44, 45]. 
PROPERTIES UNITS CONDITION VALUE 
Degree of crystallinity (Xc) % --- 0-37 
Heat of fusion (∆Hf) KJ/mol 
L-PLA complete crystalline 146 
L-PLA fibre (as extruded) 2.5 
L-PLA fibre (after hot draing) 6.4 
Heat capacity (Cp) J/K/g L-PLA with Mv=(0.2-6.91)x10
5 0.54 
Glass transition 
temperature (Tg) 
K --- 326-337 
Melting point (Tm) K --- 418-459 
Decomposition 
temperature 
K --- 500-528 
Inherent viscosity dl/g CHCl3, 25ºC, 0.1g/dl 1.5-2.0 
Molecular weight (Mw) g/mol --- 217.000-225.000 
 
Since the degradation of electrospun scaffolds of PLA will be also studied, it is important 
to have in consideration that when PLA is exposed to elevated temperatures, thermal 
degradation is expected, leading to the formation of lactide monomers. This is an important 
feature of recycle PLA. However, there is a tendency for the lactide monomer to undergo 
racemization, thus forming meso-lactide which in its turn may have impact in the resulting 
PLA properties [43]. 
2.4.1. PLA Applications 
PLA is currently being commercialized for a wide spectrum of applications. This is largely 
due to the ability of a single polymer proving useful in diverse fields by a simple modification 
of its physico-chemical structure. In addition, and as previously noted, PLA is biodegradable 
and nontoxic to both humans and the environment [14, 46]. As a result, PLA  and its copolymers 
have been extensively used in different fields such as polymer engineering, tissue 
engineering, drug delivery systems and in various medical applications (sutures, implants for 
bone regeneration, implantable matrices and organ reconstruction) [14, 46]. PLA was firstly 
reported as a bio-absorbable surgical device by Kulkarni et al. [47] and in 2010, it was 
regarded as the world’s second most important bioplastic [46]. 
The purpose of this work falls in the context of implants or tissue engineering, where 
some PLA (and its copolymers) applications have already been pointed out. Herein, a fibrous 
membrane may have advantages over polymer films in terms of high porosity, which will be 
crucial for cell growth, vascularization and nutrients diffusion [14]. Three-dimensional porous 
scaffolds of PLA have been created for culturing different cell types in the therapy of 
cardiovascular diseases, muscle tissues, bone and cartilage regeneration [48].  
Since materials for bone fixation require high strength, similar to bone characteristics, 
PLA is tremendously useful in this field [48]. In fact, PLA composites constitute effective 
scaffolds that stimulate cells/tissue for both proliferation and osteogenic differentiation in 
bone tissue engineering [46]. Hence, PLA has already shown favorable results in the fixation of 
fractures [14]. Sanders et al. [49] evaluated tissue response upon PLA microfibres implanted in 
rats. Herein, different fibre diameters ranging from 4 to 15 µm were used and it was 
observed the lowest capsule thickness formation for the thin fibre.  Kellomãki et al. [50] 
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studied self-reinforced PLLA rods as scaffolds for bone formation in muscle by free tibial 
periosteal grafts. Bhattarai et al. [51] developed a electrospun membrane of poly(p-
dioxanone-co-L-lactide)—block–poly(ethylene glycol) as a scaffold for tissue engineering. 
Currently, PLA is also being used in orthognathic surgery and as fixation material in cranio-
maxillofacial surgery.  
PLA and its composites have applicability as ureteral stents for the treatment of ureteral 
injury [52].  Filamentous carbon and PLA polymer composite have also been used for repairing 
tendon and ligament injuries [46]. Moreover, PLA filaments have been developed 
experimentally for regeneration of nerves in paralyzed patients [53]. 
2.5. Piezoelectricity 
As introduced in Chapter 1, the piezoelectricity is an important characteristic of some 
materials that should be considered for tissue regeneration or other biomedical applications. 
A smart material is the designation for a material that changes systematically one or more of 
its properties in response to an external stimulus [12]. Herein, piezoelectric materials may be 
considered as smart materials since they generate transient surface charges by tiny 
mechanical deformations under mechanical solicitation. Besides, piezoelectric materials also 
display the reverse phenomena as the application of electrical charge or signal results in 
mechanical deformation [12].  
Early in 1950s, Fukada found piezoelectricity in various kinds of biopolymers [13], where 
shear piezoelectricity was observed in the uniaxially oriented systems of crystallites of 
cellulose and collagen, as well as in a number of uniaxially elongated films of optically active 
synthetic and biological polymers [13]. In 1953, Yasuda et al. [13] discovered that bone 
produces electricity by bending deformation, where the compressed and the elongated 
regions are respectively, negatively and positively polarized, being the callus formed in the 
negatively polarized regions.  
Recently, several artificial biocompatibility, bioactivity and osteoconductivity 
biomaterials have been developed and used as bone substitutes. Substitutes with 
piezoelectric properties have been reported to be capable of stimulating osteocyte growth 
and bone formation in vivo [11]. This mechanism is not fully understood, even though 
piezoelectric effects on bone crystal or matrix might affect bone cells and consequently alter 
their activity [54]. As a result, the clinical significance and motivation into the piezoelectric 
behaviour of bone have been gaining more and more interest since a better bone 
regeneration may be achieved. 
A quantitative verification of the shear piezoelectric effects in bone was first 
demonstrated by Fukada in 1957 [55], where the shear piezoelectric constant for dry bone was 
pointed out as -0.2 pC/N. Halperin et al. [15] reported that the piezoelectric coefficient for 
the human bone can go up to 7 pC/N. The piezoelectric activity of bone was attributed to the 
collagen biopolymer and it is dependent on the direction of applied load, frequency and 
moisture [56].  
As above stated, piezoelectricity in uniaxially oriented polymers was observed. 
Therefore, piezoelectricity may be found in fibrous form of polymers in which the uniaxial 
symmetry exists [13]. Regarding the sign of shear piezoelectric constant, it is dependent upon 
the chirality of asymmetric carbon atoms. In fact, shear piezoelectricity is originated from 
the internal rotation of polar atomic groups associated with an asymmetric carbon atom [13]. 
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The magnitude of the piezoelectric constant is proportional to the degree of orientation 
and the degree of crystallinity. Figure 2.14 shows the piezoelectric constant for three 
optically active polymers. Between them, PLA presented the highest piezoelectric constant 
(10 pC/N) [13]. PLA is consequently a promising material for bio applications due to its stress 
induced electroactivity, making it advantageous for bone growth and regeneration [56].  
  
 
Figure 2.14. Piezoelectric constant, d, of three optically active polymers [13]. 
2.6. Bonelike® 
Ceramics are inorganic materials made from metallic and non-metallic components. The 
respective atomic bonding is either ionic and/or covalent. Ceramics have found uses as 
biomaterials such as calcium carbonate-based ceramics and hydroxyapatite ceramics [22].  
HA (Ca10(PO4)6(OH)2) is the major mineral constituent of the bone matrix. Synthetic HA 
has already demonstrated its excellent biocompatibility with bones and teeth due to its 
similar structure to the bone’s mineral phase, bioactivity, osteoconductivity [18, 19].   
However, HA compromises in a certain way the bone remodeling, since it is a fragile 
compound and has a low reabsorption rate by the organism (5-15% per year).  Therefore, the 
bone remains brittle and easily prone to fractures [19]. These limitations led to the 
development of alternative materials and thus much attention is being directed towards an 
innovational solution - Bonelike®. Bonelike® is a patented product developed by Santos et al.  
[19, 57]. Herein, a production method consisting in the incorporation of a glass, based on P2O5-
CaO-Na2O system, into a HA matrix is described. 
Bonelike® is a synthetic bone substitute, consisting of a three-phase material: HA, α and 
β-Tricalcium Phosphates (α-TCP and β-TCP) [58].  The α- and β-TCP phases are homogeneously 
dispersed in the HA matrix, resulting in a material with improved mechanical properties and 
enhanced bioactivity, compared to the usual commercial HA [19].  Bonelike® compressive 
strength and reabsorption rate are dependent on the sintering temperature, glass quantity 
and fraction of its constituents. Moreover, the inclusion of ions into Bonelike® composition, 
such as fluoride and sodium, among others, makes it possible to achieve a chemical 
composition closer to the mineral phase of bone [58]. 
As an osteconductive material, it is expected that Bonelike® provides an appropriate 
framework for bone to grow in eventual damaged areas, namely it  should function as a 
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scaffold on which locally osteoblasts can attach [59]. In this context, a suitable porosity (pores 
with diameters equal to or greater than 100 µm) is fundamental, since the presence of pores, 
macropores, micropores and interconnected pores allows blood vessels and cells invasion and 
an appropriate flow of proteins, nutrients and metabolic waste [19, 60]. The micro and 
macroporosity and the rate of interconnectivity of Bonelike® pores make it ideal for 
osteoconduction and osteointegration as a bone substitute. 
2.6.1. Bonelike® Applications 
As noted, Bonelike® is a synthetic bone graft material specially designed for clinical 
applications of bone regeneration. It can be applied in different cases ranging from trauma, 
old age or bone diseases, in the fields of maxillofacial surgery, implantology and othopaedics. 
Until now, Bonelike® has been revealed great success in its applications [59]. R. Sousa et al. 
[59] evaluated the osteoconductivity and bioactivity of the Bonelike® graft in repairing surgical 
maxillary cystic bone defects and their results indicated perfect bone bonding between new 
bone formed and Bonelike® granules. M. Gutierres et al. [61] evaluated the biological behavior 
of Bonelike® implanted in the lateral aspect of the tibia, during osteotomy surgery for the 
treatment of medial compartment osteoarthritis of the knee. Herein, Bonelike® allowed 
effective vascularization and bone ingrowth throughout the defected site. In addition, M. 
Gutierres et al. [62] tested Bonelike® in porous edge shape in the treatment of medial 
compartment osteoarthritis of varus knees. It was also reported the fast osteointegration of 
Bonelike® after implantation (after 4 months, signs of fusion at the osteotomy site and good 
integration of the implanted Bonelike® were observed). In the dental area, some promising 
results were also obtained. G. Pavan Kumar et al. [63] demonstrated the guided bone 
regeneration procedure using a glass-reinforced HA (Bonelike®) and collagen membrane in the 
treatment of peri-implantitis. J. Lobato et al. [64] evaluated the biological response of pure 
titanium dental implants coated with Bonelike® placed in human maxilla and mandible. These 
implants proved to be highly bioactive with extensive new bone formation and attachment. 
In order to expand the range of Bonelike® applications, it can be interesting to associate it 
with resorbable matrices, which is exactly what we intend to do in this work.  In this context, 
animal studies already showed that the use of resorbable matrices does not interfere in the 
Bonelike® bioactivity [65].  
2.7. MG-63 Cell Line 
Upon implantation of any biomaterial in bone, mesenchymal stem cells (MSCs) are 
recruited from the bone marrow to the implant site, where they bind to the material surface 
and then differentiate in bone-forming osteoblasts [66]. The osteoblast-material interaction 
depends on the surface characteristics, such as its topography, chemistry and surface energy 
[67]. These aspects influence molecular adsorption, which in turn plays a major role in the 
osteoblast attachment/adhesion and subsequent proliferation and differentiation (osteogenic 
cells typically bind to biomaterials through integrin-mediated mechanisms; integrins are 
glycoproteins composed by noncovalently-associated α and β subunits [66]). 
In several in vitro studies of cell-material interactions, most authors prefer using 
immortalized cell lines over primary cells like MSCs or bone-derived osteoblasts. This is due 
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to the fact that immortalized cell lines (including cells derived from osteosarcomas) are 
easier to acquire than primary cells and grow in vitro for an indefinite number of passages 
[66]. MG-63 is one of those osteosarcoma cell lines which has been well characterized and 
validated as a model to test biocompatibility of various materials. In response to osteogenic 
chemical cues, they are capable of undergoing osteoblastic differentiation [66, 68].  
The p75NTR is an important neuronal signaling molecule that interacts with numerous 
lingands and coreceptors [69]. In addition, it was demonstrated that exogenous p75NTR 
enhances the potential for cell proliferation and osteogenic differentiation in pre-osteoblast 
cell lines [69]. 
MG-63 cells produce collagen type I and express alkaline phosphatase (ALP) activity, 
which are further enhanced by dihydroxyvitamin D3. Osteocalcin is also synthesized in 
response to all markers of osteoblastic function. MG-63 differentiation into mineralized state 
is induced by the interaction between dihydroxyvitamin D3 and TGF-β (local growth and 
differentiating agent) [70]. This mineralization occurs without continued differentiation into 
the mineralization state.  
Regarding the morphology, attached osteosarcoma cells (MG-63) are oval to spindle-
shaped, without branching cell processes. Besides, their cell size is independent on cell 
density, which is uncommon among the normal human osteoblasts [71]. 
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Chapter 3  
 
Materials and Methods 
3.1. Materials Fabrication 
3.1.1. Bonelike® 
Bonelike® production comprises the preparation of a suspension composed of 
hydroxyapatite, bioglass (P2O5-CaO), microcrystalline cellulose and polyvinyl alcohol (PVA), 
and subsequent combustion of the microcrystalline cellulose and sintering at 1300 ºC.  
Regarding HA, its preparation required the precipitation between calcium hydroxide 
[Ca(OH)2] and ortophosphoric acid 85 wt%, (H3PO4), according to the following chemical route 
[72]: 
10Ca(OH)2 + 6H3(PO)4  Ca10(PO4)6(OH)2 + 18H2O 
 
The resulting HA precipitate was filtered through a vacuum system and dried in an oven 
at 60 ºC for two days. Then, HA was ground into a fine powder with a granulometry smaller 
than 75 µm. 
The P2O5-CaO based glass with the chemical composition of 65P2O5-15CaO-10CaF2-10Na2O 
[73] (mol %) was prepared by mixing the appropriate quantities of high purity (>98%) grade 
reagents (sodium carbonate (Na2CO3), calcium hydrogenphosphate (CaHPO4), calcium fluoride 
(CaF2) and di-phosphorus penta-oxide (P2O5)) in a platinum crucible, and then heating it at 
1450 ºC for 90 min in a furnace. The prepared glass was crushed in an agate mortar and 
sieved to a granule size below 50 µm. 
Summarizing, Bonelike® was obtained by adding 2.5% of glass to the prepared HA. The 
Bonelike® powder was first mixed with the microcrystalline cellulose and PVA, which are 
agents responsible for the formation of porosity and PVA, as an organic ligand, also enables 
the solid components to be kept together in the suspension, avoiding their deposition [74]. 
The resulting suspension was poured into Alumina (Al2O3) plates, the wet homogeneous 
mixture was dried in an oven at 60 ºC for two days and then the samples were sintered at 
1300 ºC using a heating rate of 4 ºC.min-1, followed by natural cooling inside the furnace.  
Finally, using standard milling and sieving techniques, Bonelike® granules with particle 
size ≤150 µm were obtained. 
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3.1.2. PLLA and PLLA/Bonelike® Solutions 
Purasorb PL18 PLLA, with an average molecular weight of 217.000-225.000 g.mol-1, was 
purchased from Purac and dissolved in a 3/7 (vol/vol) mixture of N,N-dimethylformamide 
(DMF, from Merck) and dichloromethane (MC, from Sigma-Aldrich) in order to achieve a 
polymer concentration of 10 wt% in the solution. The process was conducted at room 
temperature using a magnetic stirrer until complete polymer dissolution. Following a similar 
approach to the previous one, Bonelike® particles (diameter ≤150 µm) were dissolved in a 
PLLA solution obtaining, therefore, a polymeric/ceramic (20/80) concentration of 10 wt% in 
the solution. 
3.1.3. Electrospun PLLA and PLLA/Bonelike® Membranes 
PLLA or PLLA/Bonelike® solutions were placed in a commercial plastic syringe fitted with 
a steel needle (0.5 mm of inner diameter) connected to a high-voltage supply (PS/FC30P04 
from Glassman). An electric field of 1.5 kV.cm-1 was applied to the polymer solution, and a 
syringe pump (from Syringepump) was used to feed the polymer solution into the needle tip 
at a rate of 0.5 mL.h-1. The random electrospun fibres were collected on a grounded 
collecting plate placed 15 cm away from the needle. 
3.2. Fibre Membranes Characterization 
3.2.1. Morphology 
Electrospun fibre membranes were coated with a thin gold layer using a sputter coater 
(Polaron, SC502) and their morphology was analyzed using a scanning electron microscope 
(SEM, JSM-6300, JEOL) at an accelerating voltage of 15 kV. Fibres average diameter was 
calculated over 50 fibres using the SEM images (10000X magnification for the PLLA membrane 
and 5000X magnification for the PLLA/Bonelike® membrane) and the Image J software [75]. 
3.2.2. Porosity 
The porosity of PLLA and PLLA/Bonelike® membranes was measured using the pycnometer 
method. First, a pycnometer filled with ethanol was weighted and labeled as W1. Then, the 
sample (with a weight of Wsample) was immersed in ethanol and, when it was saturated by the 
ethanol, additional ethanol was added to complete the volume of the pycnometer. The 
weight of this system was labeled as W2. Finally, the sample saturated with the ethanol was 
taken out of the pycnometer and the residual weight of the ethanol and the pycnometer was 
labeled as W3. The porosity of each membrane was calculated according equation 1. The 
porosity of each membrane was obtained as the mean value of the porosity determined in 
three samples. 
 
  ( )  
             
     
                                                                                            (Eq.1) 
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3.2.3. Wettability 
Static contact angles were measured at room temperature using a DataPhysics OCA-20 
drop shape analysis system (DataPhysics Instruments GmbH, Filderstadt, Germany) controlled 
by SCA20 software. A sessile drop (3 µL) of ultrapure water (Milli-Q) was deposited on the 
PLLA and PLLA/Bonelike® membranes and the contact angle was measured using a 
DataPhysics OCA 35 goniometer and SCA20 software. For the same sample, contact angles 
were measured on 8 different spots and the result is expressed as their average and standard 
deviation.  
3.2.4. Fourier Transform Infrared (FTIR) Spectroscopy 
Infrared spectra analysis was performed with a FTIR system from Shimadzu IRAffinity-1S 
apparatus in the attenuated total reflectance (ATR) mode from 4000 to 600 cm-1. FTIR 
spectra were collected after 32 scans with a resolution of 2 cm-1.  
3.2.5. X-Ray Diffraction 
XRD analysis was performed on a powder sample of Bonelike® and on PLLA/Bonelike® fibre 
membranes using a Phillips Analytical X-Ray model PW 1710, employing Cu Kα monochromatic 
radiation (40 kV, 30 mA, Kα=1.541838 Å). Data were collected at room temperature, for 2θ 
values ranging from 5 to 70º in increments of 0.02º and a counting time of 2s/step. 
3.2.6. Thermal Analysis 
3.2.6.1. Differential Scanning Calorimetry (DSC) 
Thermal behavior of the electrospun fibre membranes was analyzed by differential 
scanning calorimetry with a Mettler Toledo 823e apparatus using a heating rate of 10 ºC.min-1 
under nitrogen purge. Samples were cut into small pieces from the middle region of the 
electrospun membranes, placed into 40 µL aluminum pans and heated between 30 and 200 
ºC. The glass transition temperature (Tg), cold-crystallization temperature (Tcc), melting 
temperature (Tm), and melting enthalpy (ΔHm) of electrospun samples were obtained.  
3.2.6.2. Thermogravimetry 
The thermal degradation kinetics of PLLA and PLLA/Bonelike® membranes was 
characterized by thermogravimetric analysis (TGA) in Perkin-Elmer Pyris-1 TGA (USA) 
apparatus. In this study, the thermal degradation behavior of the samples was recorded 
heating them from 30 to 600 ºC at different heating rate scans (10 ºC.min-1; 20 ºC.min-1; 30 
ºC.min-1 and 40 ºC.min-1). All measurements were performed under a nitrogen atmosphere. 
For the TGA data analysis, important thermodynamic considerations were taken into 
account. In theory, the expression for the thermal decomposition of a homogeneous system 
has its general form given by equation 2 [76, 77]. 
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α represents the reaction extent of the component of the sample being degraded, defined by 
the equation 3: 
 
 ( )  
    ( )
     
                                                                                                                   (Eq.3) 
 
where   , ( )and   are the weights of the sample before degradation, at a given time t 
and after complete degradation, respectively.  ( ), the rate coefficient, changes with the 
absolute temperature according to the Arrhenius equation (Eq.4) [78]: 
 
 ( )      (
     
   
)                                                                                           (Eq.4) 
 
where A is the pre-exponential factor (min-1), Eact is the apparent activation energy (kJ.mol
-
1), R is the gas constant (8.314 J.K-1.mol-1) and T is the absolute temperature (K).  
The differential conversion function,  ( ), may be described by various functional forms, 
nevertheless its most common form, which represents a solid-state reaction, is given by the 
equation 5 [76, 77]. 
 
 ( )  (   )                                                                                                                (Eq.5) 
 
In the previous equation (Eq.5), n is the reaction order, assumed to remain constant 
during the entire degradation process. 
The combination of equations 2 and 4 gives the following relationship (Eq.6): 
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For a dynamic TGA process, introducing heating rate (β, given by the equation 7) into 
equation 6, equation 8 is obtained [78]. 
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Equations 6 and 8 are the fundamental expressions of analytical methods to calculate 
kinetic parameters on the basis of TGA data [78]. In this study, TGA results were interpreted 
using the Kissinger’s method. 
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 Kissinger’s method 
The Kissinger’s method is one of the most accurate and popular approaches [79, 80] for 
determining kinetic parameters by thermal analysis and takes the form of equation 9 [76]: 
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where    and    are the absolute temperature and the conversion at the maximum weight 
loss rate, respectively.   (
 
  
 ) is plotted against      for a series of experiments at different 
heating rates with the peak temperature,   , being taken from the differential 
thermogravimetric (DTG) curve [78]. Hence, the slope of the function (       ) is obtained 
and the activation energy can be then calculated without a precise knowledge of the reaction 
mechanism. 
3.3. In Vitro Cell Studies 
3.3.1. Cell Culture and Seeding 
MG-63 cells were cultured in minimum essential medium (MEM) Eagle, alpha modification 
(α-MEM), supplemented with 10% fetal bovine serum (FBS), 1% Fungizone and 1% Penicillin. 
Culture flasks were maintained in a humidified atmosphere of 95% air and 5% carbon dioxide 
(CO2) at 37 ºC.  
Cells were passaged every 3-4 days, when cell density reached 80-90% of confluence. 
During this passaging procedure, cells were washed twice with phosphate buffered saline 
(PBS; Gibco, UK) and detached from the cultures flasks with trypsin solution at 37 ºC for 5 
min. Cell content was then subjected to centrifugation at 1200 rpm for 5 min. The 
supernatant was removed and cell pellet was mixed with fresh cell culture medium, followed 
by resuspension in two/three new T75 flasks. 
PLLA and PLLA/Bonelike® membranes were cut in small round pieces (diameter around 
1.3 cm), sterilized for 30 min, each side, under ultraviolet (UV) radiation and pre-incubated 
with the α-MEM for 2 h at 37 ºC in a humidified atmosphere of 95% air and 5% CO2. Then, cells 
(passage 10) were seeded on these samples and on tissue culture polystyrene (TCPS, controls) 
at a density of 1.5x104 cells/well. It is important to point out that fibre membranes were 
kept in the bottom of the cell culture wells using cylindrical inserts (inner diameter=1.05 cm; 
cell growth area=0.865 cm2), as Figure 3.1 illustrates.  
Cultured fibre membranes were observed by SEM at days 1, 3 and 7. In vitro osteoblast 
proliferation was assessed by MTT and Resazurin assays (days 1, 3, and 7). Alkaline 
phosphatase activity and total protein content (days 3 and 7) were also evaluated. 
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Figure 3.1. Illustration of the samples display (the inserts mentioned above are the white tubes) 7 days 
after cell seeding. Different colors are due to the resazurin solution where a change from blue to pink is 
observed in each of the growing cultures. 
3.3.2. SEM 
Before SEM observation, cells were fixed with 1.5% glutaraldehyde in PBS for 10 min. 
Then, samples were washed three times with water, and dehydrated in graded series of 
ethanol solutions (70%, 80% and 90% for 10, 10 and 20 minutes, respectively). Until SEM 
analysis, samples were kept in ethanol 100% at 4 ºC. SEM was performed using the same 
equipment and method aforementioned in the fibre membranes characterization. 
3.3.3. MTT Assay 
Cell viability was analyzed by performing an MTT assay  1, 3 and 7 days after seeding the 
cells in the fibre membranes (PLLA (n=3), PLLA/Bonelike® (n=3) and control (n=3)). In this 
test, the mitochondrial dehydrogenase activity of the MG-63 cells is determined by using the 
substrate 3-(4,5-Di-methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma) which 
is reduced to formazan that accumulates in the cytoplasm of viable cells [81]. For this 
purpose, the medium was removed from the wells to eliminate any dead cells and, was 
substituted by fresh one. Then, 50 µL of MTT solution (5 mg.mL-1) was added to each of the 
culture wells (24-well plate) containing 500 µL of α-MEM and the samples were incubated at 
37 ºC in humidified atmosphere of 95% air and 5% CO2 for 3 h. After the incubation period, 
the medium with the MTT solution was discarded and the samples were observed under the 
microscope. Finally, the formazan salts were dissolved with 150 µL of dimethylsulphoxide 
(DMSO). 100 µL of the supernatant were transferred to a 96-well plate and the absorbance 
was measured at 550 nm on a plate reader (Power Wave XS2 spectrophotometer, Biotek).  
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3.3.4. Resazurin Assay 
Cell viability was also quantified by performing a resazurin assay after 1, 3 and 7 days 
after seeding the cells in the fibre membranes (PLLA (n=3), PLLA/Bonelike® (n=3) and control 
(n=3)). Herein, a nontoxic alamar blue dye (resazurin) is reduced by intracellular enzyme 
activity to resofin, a fluorescent form of alamar blue [81]. The medium was removed from the 
wells and 50 µL of 10% (v/v) of resazurin solution was added to each well previously filled 
with fresh medium (step performed in dark). Samples were incubated at 37 ºC in humidified 
atmosphere of 95% air and 5% CO2 for 3.5 h and after it, 100 µL of this solution were 
transferred to a 96-well plate. The fluorescence intensity was measured in a Power Wave XS2 
spectrophotometer (Biotek) at 530 and 590 nm for excitation and emission wavelength, 
respectively. 
3.3.5. Alkaline Phosphatase (ALP) Activity and Total Protein 
Content 
ALP is a membrane enzyme that acts as a nucleation agent in the initiation of 
mineralization process by cell differentiation [82]. ALP hydrolyzes phosphate esters which 
causes an increase of phosphate concentration, and thus the mineralization of extracellular 
matrix (ECM). The expression of this enzyme is associated with the appearance of bone cells 
phenotype and the maturation of the extracellular matrix, before mineral deposition (Figure 
3.2) [83]. Since ALP is regarded to be an important phenotype of bone-forming cells [82, 84], it 
is one of the most widely used biochemical marker of osteoblasts differentiation. 
 
 
Figure 3.2. Principal stages of the osteoblast development in culture and respective temporal 
expression of genes characteristic of this process.  H4, histone; COL I, type I collagen; ALP, alkaline 
phosphatase; OPN, osteopontin; OC, osteocalcin [83]. 
Here, cell cultured membranes and controls (PLLA (n=3), PLLA/Bonelike® (n=3) and 
control (n=3)) were washed with PBS and with a cell lysis buffer containing 0.1% Triton X-100. 
Samples were frozen and stored at -20 ºC until ALP and total protein measurements. In order 
to perform the measurements, samples were thawed at 37 ºC for 5 min, and the ALP 
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secretion of the osteoblasts cultured on the fibre membranes for 3 and 7 days was 
determined quantitatively using p-nitrophenyl phosphate (pNPP) solution as the reaction 
substrate. For this purpose, the lysis solution (100 μL) was incubated in 80 μL of pNPP in 
alkaline buffer solution (bicarbonate 0.15 M in MgCl2 2.5 mM, pH=10). After incubation 1h at 
37 ºC, the reaction was stopped adding NaOH (5 M) and the absorbance of the hydrolysis 
product (p-nitrophenol) was immediately measured at 400 nm using a plate reader (Power 
Wave XS2 spectrophotometer, Biotek). 
ALP activity results were normalized by total protein content, quantified by Lowry’s 
method. The content of each stored cell lysate sample was homogenized, and 30 μL of each 
were transferred to a 96-well plate and 150 μL of solution made from Reagent A and Reagent 
B (50:1) were added for 10 min (Reagent A: 2% Na2CO3 in NaOH 0.1 M. Reagent B: 0.5% 
CuSO4·5H2O, in 1% Na2C4H4O6 (sodium tartrate) and a droplet of H2SO4). Then, 15 μL of Folin & 
Ciocalteu’s Phenol reagent (Sigma-Aldrich) were added, the plate was placed in the orbital 
shaker for 30 seconds, and incubated for 1hour at 37 ºC in the dark. After the incubation 
period, absorbance was measured at 750 nm using a plate reader (Power Wave XS2 
spectrophotometer, Biotek). 
3.4. Statistical Analysis 
All quantitative data are presented as mean± standard deviation. Significant differences 
in statistical analysis were determined using one-way ANOVA test with Tukey’s HSD post hoc 
analysis. Statistical differences are found when p<0.05. 
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Chapter 4  
 
Results and Discussion 
4.1. Bonelike® Morphology and Porosity 
Bonelike® porosity and morphology were analyzed by SEM (Figure 4.1). An interconnected 
porosity with macro and micropores is observed. Nevertheless, due to the reduced size of 
Bonelike® granules, the porous structure is mainly composed by micropores. Macroporosity is 
mostly observed in the Bonelike® surface since these particles were obtained from bigger 
fragments of higher macroporosity. This porous feature allows the growth of a capillary 
vascular network and the establishment of cell-cell contact between the bone graft [74], 
making it ideal for osteoconduction and osteointegration.  
  
 
Figure 4.1. SEM images showing Bonelike® granules. The scale bar corresponds to 100 µm and 20 µm in 
[A] and [A’], respectively. 
As it is shown in Figure 4.1-A, Bonelike® granules have a wide range of sizes. 
Nevertheless, particle size is always ≤150 µm, as was intended during their fabrication. It is 
worth noting that Bonelike® particles of larger granulometry were also tested. However, due 
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to their size and also its high speed during electrospinning, it was observed that these 
granules pierced the PLLA mats rather than being incorporated therein. Thus, decreasing 
particle sizes were tested until there was no apparent perforation of the membranes. 
4.2. Fibre Membranes Characterization 
4.2.1. Morphology 
As discussed in Chapter 2, there are many parameters which have direct influence in 
determining the morphology and diameter of the electrospun fibres. Both fibres (PLLA and 
PLLA/Bonelike®) were electrospun in the same conditions since the main goal of this work 
encompasses the study of the biological response of each type of fibre membrane rather than 
the study of the influence of such parameters on their respective morphology. In such a way, 
the solvent choice became fundamental to obtain proper fibres. PLLA or PLLA/Bonelike® was 
dissolved in a mixture of MC and DMF has detailed in Chapter 3. The high polarity of DMF 
facilitates fibre formation and MC allows a quick evaporation due to its high volatility (see 
Table 2.2). This combined action permits the fibre to maintain its integrity during the travel 
from the tip of the needle to the collector, ending up on a polymer matrix without traces of 
the solvent in the membranes [76].  
The surface morphology and structure of the neat PLLA and PLLA/Bonelike® electrospun 
fibre membranes were observed by SEM. In a first observation, it is possible to notice the 
random distribution of the PLLA fibres and also the well spread arrangement of the Bonelike® 
granules (Figure 4.2). Besides, compared to the smooth morphology of PLLA fibres, rough 
surfaces are formed for the composite membrane (PLLA/Bonelike®).  
Regarding Bonelike® distribution, due to the higher ceramic concentration and high 
particle size, Bonelike® is mainly present in the pores between fibres and some particles are 
present inside or even at the fibre surface, especially the smaller particles (Figure 4.2-B’ 
(inset)). Bonelike® particles are spread over the PLLA membrane, but it is unclear that it is in 
a homogeneous away due to their different sizes. 
Figure 4.3 shows size distribution of the fibre diameters. PLLA membranes presented a 
diameter distribution ranging from 0.2 to 0.9 µm, with an average size of 0.51±0.15 µm.  
PLLA/Bonelike® samples exhibited a broader size distribution (0.1 to 1.1 µm) but with a lower 
average size, 0.44±0.17 µm (Table 4.1). Both fibre sizes fall in the range of bone's collagen 
fibres (0.1-2 µm) [85] which confers these membranes a structural similarity. 
  
 
Table 4.1 — Physical properties (fibre diameter; porosity and water contact angle) of PLLA and 
PLLA/Bonelike® fibre membranes. 
MATERIAL FIBRE DIAMETER (µm) MEMBRANE POROSITY (%) 
WATER CONTACT  
ANGLE (DEG)  
PLLA 0.51±0.15 79±3 131±2 
PLLA/Bonelike® 0.44±0.17 89±5 132±3 
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Figure 4.2. SEM images showing the PLLA ([A] and [A’]) and PLLA/Bonelike® ([B] and [B’]) microfibres 
electrospun at a traveling distance of 15 cm, a needle diameter of 0.5 mm, an electric field of 1.5 
kV.cm-1 and flow rate of 0.5 mL.h−1. The scale bar corresponds to 100 µm in ([A]; [B]) and to 10 µm and 
20 µm in [A’] and [B’], respectively. Inset in [B’] shows a higher magnification of a single fibre (scale 
bar corresponds to 2 µm). 
 
Figure 4.3. Size distribution of fibres in SEM photographs of Figure 4.1 [A’] and Figure 4.1 [B’]. Graph A 
corresponds to PLLA microfibres and graph B corresponds to PLLA/Bonelike® microfibres. Average 
diameter of the fibres was 0.51±0.15 µm in the PLLA membranes and 0.44±0.17 µm in the 
PLLA/Bonelike® membranes (data is expressed as mean ± standard deviation of 50 measurements). 
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4.1.1. Porosity 
Regarding membrane porosity, a 3-D porous structure is crucial to guide cell attachment, 
proliferation and tissue regeneration. Taking into account the porous nature of PLLA and 
PLLA/Bonelike® membranes, the pycnometer procedure revealed to be a suitable method to 
estimate their porosity (data in Table 4.1). Thus, PLLA membrane exhibited a porosity of 
79±3%. The Bonelike® granules added to the PLLA membranes led to an increase on porosity 
up to 89±5%. This increase does not corroborate the results of another study [86] where a 
similar ceramic filler provoked a decrease on the polymeric membranes porosity. The authors 
referred that the ceramic nanoparticles might tend to occupy the free spaces available in the 
pores thereby reducing the porosity of the scaffolds. However, in this particular study, there 
was the opposite effect due to the fabrication process of the fibre membranes. Herein, the 
Bonelike® particles induced a certain deformation in the PLLA mats. Besides, due to the size 
of the Bonelike® granules, the PLLA fibres are held more far apart from each other, leading 
to a higher porosity, as indeed it is noticed in the SEM Images of Figure 4.2 and particularly in 
detail with the SEM image of Figure 4.4. 
 
 
Figure 4.4. SEM image showing the Bonelike® effect on maintaining a higher distance between the PLLA 
fibres. The scale bar corresponds to 20 µm. 
4.1.2. Water Contact Angles 
In relation to the water contact angles measurements, no significant differences were 
found between the two studied fibre membranes. The water contact angle of PLLA 
electrospun membrane was 131±2º and that of PLLA/Bonelike® was 132±3º (Table 4.1/Figure 
4.5), indicating thereby their hydrophobic characteristic.  
Similar PLLA water contact angles are reported in the literature [87, 88]. In respect to 
PLLA/Bonelike® contact angles, no data was found in the literature for comparison. However, 
membranes with similar composition (PLLA/HA) were already reported with identical 
hydrophobic behavior [89]. 
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Figure 4.5. Water sessile drop on [A] PLLA and [B] PLLA/Bonelike® membranes. 
4.1.3. Fourier Transform Infrared Spectroscopy 
FTIR has been widely used as a powerful analysis technique in chemistry, physics and 
engineering [90]. A FTIR spectrum represents the molecular absorption/transmission profile, 
creating thereby a fingerprint of the sample.  
In what concerns PLLA, previous studies have reported infrared absorption bands which 
are characteristic of the vibrations of the molecular groups which form this polymer (Table 
4.2). Comparing such literature findings with the PLLA spectrum obtained in this study (Figure 
4.6, and in more detail in Figure 4.7-A), some information regarding the crystallinity of this 
polymer can be discussed.  
 
 
Figure 4.6. FTIR transmission spectra of Bonelike®, PLLA and PLLA/Bonelike® electrospun fibres. 
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Table 4.2 — Wavenumbers (cm-1) and vibrational assignments associated with different phases of PLLA 
[91].  
IR FREQUENCY (cm-1) PHASE FORM ASSIGNMENT 
860 Amorphous  
871 α  
908 β  
921 α 
Coupling of the C-C backbone stretching 
with the CH3 rocking mode 
955 Amorphous  
1044 Amorphous α′ and α (C–CH3) 
1053 α (C–CH3) 
1092 α′ and α s(C–O–C) 
1107 α′ and α  
1134 Amorphous α′ and α rs(CH3) 
1183 Amorphous α′ and α as(C–O–C) + ras(CH3) 
1213 a′ and α as(C–O–C) + ras(CH3) 
1222 α as(C–O–C) + ras(CH3) 
1268 Amorphous + semicrystalline (CH) + (COC) 
1302 Amorphous C–H stretching 
1360 Semicrystalline δ (CH), CH wagging (bending) 
1363 Amorphous δ (CH), CH wagging (bending) 
1368 Semicrystalline δ (CH), CH wagging (bending) 
1382 α δs (CH3) 
1386 α′ and α δs (CH3) 
1387 Amorphous δs (CH3) 
1444 α δas (CH3) 
1454 Amorphous δas (CH3) 
1457 α′ and α δas (CH3) 
1749 α (CO) 
1757 Amorphous (CO) 
1759 α (CO) 
1761 α′ (CO) 
2945 Amorphous s(CH3) 
2946 α′ and α s(CH3) 
2964 α s(CH3) 
2995 Amorphous s(CH3) 
2997 α′ and α as(CH3) 
3006 α as(CH3) 
 
In Figure 4.7-A is possible to highlight, right away, the absence of the absorption band at 
921 cm-1, which is assigned to the coupling of the C-C backbone stretching with the CH3 
rocking mode and sensitive to the 103 helix chain conformation of PLLA α-crystals 
[92]. 
Moreover, the lack of the characteristic band of PLLA β crystal at 908 cm-1 indicates that 
there is no β crystal in the PLLA sample [92]. Regarding the absorption band between 840 and 
880 cm-1, two main peaks are reported in the literature [91], at 860 and 871 cm-1, ascribed to 
the skeletal stretching and CH3 rocking of amorphous and crystalline (α) phases. In this range, 
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the PLLA spectrum of Figure 4.7-A only shows an absorption peak at 867 cm-1. Bearing in mind 
the absence of crystalline (α) peak at 871 cm-1, it is possible to conclude that PLLA 
membranes are essentially amorphous. In fact, the jet deformation with rapid solidification 
during the electrospinning results in a metastable phase [91], resulting in PLLA electrospun 
membranes nearly amorphous and high nucleated. As soon as the membranes are heated, 
there is a rapid growth of the crystals taking into account that α form of PLLA is believed to 
grow upon melt or cold crystallization [92]. 
Other peaks can be observed in the PLLA spectrum, namely representative stretching 
frequencies for C=O, -CH3 asymmetric, -CH3 symmetric and C-O-C, at 1748, 2996, 2946 and 
1082 cm-1, respectively. The adsorption peaks at 1360 and 1452 cm-1 are attributed to the 
vibration of C-H bend and –CH3 asymmetric, respectively. 
 
 
Figure 4.7. FTIR transmission spectra of [A] PLLA and [B] Bonelike® with identified absorption bands. 
Regarding the Bonelike® infrared spectrum (Figure 4.6 and in more detail in Figure 4.7-B), 
some characteristic peaks were found. Similarly to literature, the obtained FTIR data have 
revealed peaks of functional groups OH– and    
   [73]. A sharp and dominant band at 960 cm-1 
was observed, which indicates the presence of    
  groups in the Bonelike® composition [93]. 
Besides, another characteristic phosphate (   
  ) peak [72] was detected at 1086 cm-1, due to 
the    
   symmetric stretching mode [93]. The    
   antisymetric stretching mode is reported 
in the literature at 1040 cm-1 [93], but in such frequency there is no absorption band. 
Nevertheless, a peak at 1012 cm-1 is noticed.  
Hydroxyl groups (OH–) were detected at 3571 and 630 cm-1, which is in agreement with 
the bibliography [72], even though the 3571 cm-1 peak is almost invisible in the spectrum 
(Figure 4.7-B). OH- can hardly be detected in the Bonelike® spectrum taking into account that 
the Tricalcium Phosphates (α and β–TCP, Ca3(PO4)2), present in the Bonelike
® constitution, 
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are not composed by OH- . In fact, during Bonelike® fabrication, HA reacts with the glass over 
the sintering process and therefore part of HA is decomposed into β–TCP and this last one 
inverted to α –TCP [73]. 
Figure 4.7-B also shows two peaks at 2340 and 2361 cm-1 that are not described as 
characteristic bands of the Bonelike®. Such range bands are interpreted as a consequence of 
residual CO2 present in the atmosphere. 
The spectrum of electrospun PLLA/Bonelike® fibres is also presented in Figure 4.6. This 
spectrum is characterized by absorption bands arising from Bonelike® and PLLA. It should be 
noticed that there are no detectable changes in terms of peaks’ morphology and intensity, 
proving that there is no chemical interaction between PLLA and Bonelike® components [94]. 
4.1.4. X-Ray Diffraction 
Figure 4.8 shows the XRD pattern of Bonelike® which depicts the presence of three phases 
(HA, β-TCP and α-TCP), supporting the Bonelike® composition. Additionally, this XRD profile is 
in agreement with the ones found in the literature [73, 93]. 
 
 
Figure 4.8. XRD pattern of Bonelike®. 
Figure 4.9 presents the diffraction profiles of the Bonelike® and the PLLA/Bonelike® fibre 
membrane. As can be seen, the diffraction pattern of the PLLA/Bonelike® membrane follows 
a very similar trend to that of Bonelike® powder, where there is almost a perfect match for 
all the peaks. This result proves that there was an effective incorporation of the ceramic 
filler in the polymeric membrane, and the composite membrane was mainly made of ceramic 
particles.  
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Figure 4.9. XRD pattern of Bonelike® and PLLA/Bonelike® composite fibre membranes. 
The internal molecular structure of the polymers may also be investigated using XRD data 
[95]. According to previous studies, the XRD profile of neat PLLA shows characteristic peaks at 
15, 16, 18.5 and 22.5º [96] (marked in the Figure 4.9 with the dotted lines) as a result of its 
crystalline structure. However, PLLA/Bonelike® XRD pattern does not present different peaks 
aside the Bonelike® pattern, exhibiting therefore the absence of those PLLA characteristic 
peaks. Thereby, this PLLA/Bonelike® XRD diagram supports the idea explained along the FTIR 
discussion, where it was referred that these fibre membranes are characterized by an 
amorphous structure as soon as they are obtained with the electrospinning process. 
Moreover, this result is corroborated by another study where XRD pattern of electrospun PLLA 
fibres do not present any crystalline peak diffraction [95]. 
4.1.5. Thermal Properties 
4.1.5.1. Differential Scanning Calorimetry 
Figure 4.10 depicts DSC normalized thermograms (heat flow divided by the sample mass 
and the heating rate) of the neat PLLA fibres and PLLA/Bonelike® fibres. Focusing on the 
PLLA thermogram, three main steps may be observed including the step of glass transition 
temperature around 59 ºC followed by an exothermic peak of cold crystallization around 81 
ºC and the melting temperature peak at 149 ºC. Cold crystallization is a transition that occurs 
at low temperatures due to enhanced primary nucleation as a result of the energy provided 
during the heating scan of DSC. When polymer chains have enough energy to become mobile, 
they settle back in a more stable conformation via an exothermic reaction [97, 98]. This cold 
crystallization event in the PLLA fibres was already reported in the literature [99]. Regarding 
the PLLA/Bonelike® DSC profile, the curve appears shifted towards lower temperatures when 
compared to the PLLA one. This can be ascribed by the defects introduced in the fibre 
membranes by the addition of the Bonelike® particles and also due to the amount of 
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interfaces between the polymer chains and the ceramic particles, which gives origin to high 
energy regions and consequently the thermal events occur at lower temperatures. Therefore, 
the glass transition peak is observed at 51 ºC and the exothermic peak of the cold 
crystallization at 73 ºC. The melting takes place in the region between 135 and 165 ºC with a 
minimum at 151 ºC. However, the melting curve also presents a shoulder around 147 ºC. This 
double melting peak is somewhat expected taking into account the existence of PLLA crystals 
with different imperfections or sizes and also due to the polymer crystallization in the 
ceramic boundary region. So, the lower temperature melting peak is the result of imperfect 
crystals formed in the course of heat-treatment while the higher temperature one is the 
melting peak of more well organized polymer crystallites [100, 101]. 
Melting enthalpies of the electrospun membranes were also assessed, calculating the area 
under the curve of such thermal event (the baseline for this integration is shown in Figure 
4.10-B and Figure 4.10-C). The obtained ΔHm values of PLLA and PLLA/Bonelike
® membranes 
were quite similar, being 28.0 and 27.5 J.g-1, respectively. These results show the amorphous 
state of the membranes as soon they are electrospun, taking into account that the enthalpy 
of melting for a 100% crystalline PLA sample is 93 J.g-1 [102]. 
The thermal properties of electrospun PLLA and PLLA/Bonelike® fibre membranes are 
tabulated in Table 4.3. 
 
 
Figure 4.10. [A] DSC normalized thermograms of electrospun PLLA (blue curve) and PLLA/Bonelike® 
(red curve) membranes. Both thermograms were recorded after heating the samples from 30 to 200 ºC 
at a heating rate of 10 ºC.min-1. [B] PLLA/Bonelike® thermogram represented in detail with the used 
baseline (brown) for integration in ΔHm calculation. [C] PLLA thermogram represented in detail with the 
used baseline (brown) for integration in ΔHm calculation. 
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Table 4.3 — Thermal parameters of the fibres of neat PLLA and PLLA/Bonelike® composite. 
MATERIAL Tg (ºC) Tcc (ºC) Tm (ºC) ΔHm (J/g) 
PLLA 59 81 149 28,0 
PLLA/Bonelike® 51 73 151 27,5 
4.1.5.2. Thermogravimetric Analysis 
TGA has been widely used to study the thermal stability and decomposition of PLA and 
PLA based materials, as well as to determine the amount of inorganic filler in such polymeric 
materials [103]. Figure 4.11 shows TGA data obtained for the PLLA fibres at various heating 
rates, and their respective differential degradation curves (DTG). Corresponding data for 
PLLA/Bonelike® fibres are represented in Figure 4.12. In a first analysis, it is worth noting 
that TGA and DTGA curves shifted towards higher temperatures as the heating rate was 
increased from 10 to 40 ºC.min-1. 
 
 
Figure 4.11. [A] TGA and [B] DTG results for PLLA electrospun mats at different heating rates. 
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Figure 4.12. [A] TGA and [B] DTG results for PLLA/Bonelike® electrospun composite membranes. In [A], 
when temperature exceeded 450 ºC, approximately 82, 71, 63 and 62% of the original weight remained 
for 40, 30, 20 and 10 ºC.min-1 heating rates, respectively. 
As it is shown, the weight of the PLLA fibres decreased dramatically when temperature 
rose from approximately 300 ºC to 450 ºC, which is due to the PLLA decomposition. In the 
case of PLLA/Bonelike® membranes, PLLA was also decomposed, but Bonelike® is not 
degradable in such range of temperatures. Hence, for the neat PLLA fibres, when 
temperature exceeded 450 ºC, only a trace amount of undecomposed components was 
observed, while approximately 62-82% relative to the original weight (100%) remained for 
PLLA/Bonelike® fibres, which represents the ceramic component that was not degraded in the 
range of temperatures investigated. However, if we take into account that PLLA/Bonelike® 
fibres were produced with 80% of ceramic component, the maximum value of this range, 82%, 
is ascribed by 80% of ceramic and 2% due to the weight of the trace amount of the degraded 
PLLA. Thus, it is possible to conclude that there is indeed 62-80% of the ceramic filler 
incorporated in the PLLA membranes. Therefore, when the weight showed in the TGA data is 
lower than 80%, two main reasons can justify such result. Some Bonelike® weight loss could 
happen during the electrospinning process. Moreover, it was reported in the literature that 
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the residual value obtained during the TGA is dependent on ceramic particle size [104]. In 
fact, higher residual values were found for composites with the smallest size, indicating, 
therefore, a larger interaction of the smaller ceramic particles with the polymer due to their 
larger effective interaction area [104]. 
Figure 4.13 shows TGA and DTG data obtained for the PLLA and PLLA/Bonelike® fibres, at 
a single heating rate (30 ºC.min-1). We can observe in detail the almost complete degradation 
of neat PLLA membranes (with just a trace amount remaining) while around 71% of the 
weight remains in the PLLA/Bonelike® membrane due to the presence of non-degraded 
ceramic component. Besides, DTG results show the point at which weight loss is most 
apparent. Hence, we observe that PLLA/Bonelike® membranes experienced a maximum 
degradation at a lower temperature. 
 
 
Figure 4.13. TGA and DTG (inset) results for PLLA and PLLA/Bonelike® electrospun membranes at a 
heating rate of 30 ºC.min-1.  
Still regarding all TGA curves (Figure 4.11 and Figure 4.12), it is noted that no 
dehydration is found around 100 ºC, which supports the hydrophobic nature of the polymer 
matrix and ceramic filler exhibited with the water contact angle results [104]. 
Two main temperatures were  determined from the TGA curves: the initial temperature, 
Tinitial (temperature at which the experimental curve deviates from the tangent line that the 
mass evolution follows before degradation [76]) and the onset temperature, Tonset 
(temperature that is calculated by extending the pre-degradation portion of the curve to the 
point of interception with a line drawn as a tangent to the steepest portion of the mass curve 
occurring during degradation [76]). From the DTG curves, Tp (temperature measured on the 
inflection point of the thermograms) was also pointed out. Tinitial, Tonset and Tp results are 
listed in Table 4.4. 
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Table 4.4 — Thermogravimetric characteristic temperatures (Tinitial, Tonset and Tp) for PLLA and 
PLLA/Bonelike® membranes. 
HEATING RATE 
(ºC.min-1) 
PLLA PLLA/BONELIKE® 
Tinitial (ºC) Tonset (ºC) Tp (ºC) Tinitial (ºC) Tonset (ºC) Tp (ºC) 
10 207 336 364 170 304 340 
20 242 354 380 218 333 364 
30 255 370 389 226 341 378 
40 265 377 393 256 363 396 
 
Comparing the onset temperatures measured for each membrane, it is shown that they 
experienced a decrease after adding the inorganic filler. This result may be ascribed as an 
improvement of the thermal stability of the fibres caused by the interfacial interactions 
between the organic and inorganic phases [87]. 
A further analysis on the degradation kinetics was performed through Kissinger’s method.   
Herein,   (
 
  
 ) was plotted against        (Figure 4.14) at different heating rates with the 
peak temperature (inflection point of the thermogram), Tp, obtained from the DTG curves 
(Figure 4.11-B and Figure 4.12-B). The activation energies of the samples were then 
calculated from the linear fitting slopes, being 153 and 76 kJ.mol-1 (correlation 
coefficient>0.99) for neat PLLA and PLLA/Bonelike® electrospun membranes, respectively. 
The thermal degradation activation energy of the composite sample revealed to be lower 
than that of neat PLLA, which may be attributed to the incorporation of Bonelike® that 
induces distortions on polymer chain rearrangement during crystallization. Such results are in 
accordance to the ones observed previously by DSC in Figure 4.10. It should also be noted 
that the Kissinger’s method led to values of activation energies close to the ones reported in 
other studies for PLA and PLA with similar composite ceramic filler [76, 105-107]. 
 
 
Figure 4.14. Linear fittings obtained with Kissinger’s method for PLLA and PLLA/Bonelike® membranes. 
 4.2  In Vitro Cell Studies  47 
 
 
4.2. In Vitro Cell Studies 
4.2.1. MTT Assay 
MTT is a precise method used to assess cell viability through their metabolic activity and 
short-term proliferation on biomaterials [108]. For that purpose, MTT assay was performed on 
PLLA and PLLA/Bonelike® fibre membranes after 1, 3 and 7 days of incubation with MG-63 
cells. Cell proliferation profile of MG-63 cells cultured on PLLA and PLLA/Bonelike® 
membranes and cell distribution across the membranes is depicted in Figure 4.15 and in 
Table 4.5, respectively. Cell metabolic activity increased over the time up to 7 days, 
indicating cell proliferation on the tested membranes. After 1 and 3 days, no significant 
differences (p>0.05) were found between PLLA and PLLA/Bonelike® membranes, with respect 
to cell proliferation. However, after 3 days, a tendency is noticeable on the PLLA/Bonelike® 
result, where this composite membrane seems to be preferred by the cells than the PLLA 
membranes. After 7 days, that tendency was confirmed by the statistical differences (p<0.05) 
between the PLLA/Bonelike® and PLLA membranes. The ceramic-polymer composite fibre 
membrane herein proved to have improved biological properties in terms of humam 
osteoblastic cell response, in comparison with the PLLA fibres. Those results were confirmed 
by microscope observation of the insoluble formazan crystals prior to dissolution, as depicted 
in Table 4.5. By these images it was possible to observe that the membranes did not degrade 
during the seven days of culture, since they present the same aspect since day 1. Moreover, 
MG-63 cells (purple dots) were homogeneously dispersed throughout the membranes and it is 
easily observed that cell density increased with the time in culture. It is also possible to note 
that after 7 days, cells are almost completely spread over the entire membrane. 
 
 
Figure 4.15. Cell proliferation of MG-63 cells cultured on PLLA (n=3) and PLLA/Bonelike® membranes 
(n=3) for 1, 3 and 7 days, estimated by MTT assay. Controls were performed on TCPS. Data plotted as 
mean ± standard. Statistical analysis was only performed between PLLA and PLLA/Bonelike® results; 
*p<0.05. 
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Table 4.5 — Microscopic photographs of PLLA and PLLA/Bonelike® membranes taken before the addition 
of the DMSO during the MTT assay. Purple dots indicate the presence of cells. The scale bar corresponds 
to 0.5 cm. 
SAMPLE DAY 1 DAY 3 DAY 7 
PLLA+ 
αMEM 
(control) 
   
PLLA+ 
MG63 
   
PLLA/ 
Bonelike®
+ αMEM 
(control) 
   
PLLA/ 
Bonelike®
+ MG63 
   
4.2.2. Resazurin Assay 
Parallel to MTT, a resazurin assay was performed in which the oxidized blue, non-
fluorescent alamar blue is reduced to pink fluorescent dye in the medium by cell activity 
[109].  
Despite being another methodology to assess cell viability, results obtained herein are not 
in complete agreement with those of MTT. Once again, cell density increased with time in 
culture, as expected (Figure 4.16). However, there are no significant differences between the 
two types of membranes for any time points. There was indeed a slightly higher fluorescence 
in the PLLA/Bonelike® membrane after 3 days in culture. Nevertheless, after 7 days, 
PLLA/Bonelike® exhibited a similar cell density to that of PLLA, which goes against what was 
observed in the MTT data, where significant differences were obtained at this time point. 
These resazurin results may be ascribed by the higher entropy that cell cultures are 
subjected during the process. In MTT, different cell plates are needed for each time point 
(cells die during the test) while in the resazurin assay the same culture plate is used during 
the whole experiment. So, as it involves too many changes of medium during the entire 
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experiment, some cells could detach from the membranes influencing, therefore, the results. 
Moreover, in spite of being considered a nontoxic assay, it was reported in literature that 
some problems may arise during resazurin assay when exposure times are extended to longer-
term cultures on the order of days [110].  
 
 
Figure 4.16. Cell proliferation of MG-63 cells cultured on PLLA (n=3) and PLLA/Bonelike® membranes 
(n=3) for 1, 3 and 7 days, estimated by Resazurin assay. Controls were performed on TCPS. Data plotted 
as mean ± standard. Statistical analysis was only performed between PLLA and PLLA/Bonelike® results 
(no significant differences were found).  
4.2.3. SEM 
Biological performance of PLLA and PLLA/Bonelike® membranes was evaluated through 
MG-63 osteoblast-like cell culturing. For this purpose, scanning electron micrographs (Figure 
4.17) were used to observe the cellular morphology on these materials. As it can be seen, 
both types of membranes allowed cell attachment and spreading, and there is an increase in 
cell number with increasing days in culture, as expected. Besides, a typical flat configuration 
of the cells is noticeable [81]. After 3, and especially after 7 days in culture, MG-63 cells 
exhibited that flat morphology with extended cytoplasm in different directions, appearing to 
interact and associate with surrounding fibres. In fact, at day 7, cells with more lamellopodia 
connecting to neighboring cells were observed, starting to form a continuous cell layer. 
Moreover, an increase in cells presenting cytoplasmatic extensions was observed at day 7 on 
PLLA/Bonelike® membranes, when compared to the PLLA one, corroborating the proliferation 
studies. Bonelike® seems, therefore, to have an important role during cell adhesion and 
proliferation. It is worth noting in the Figure 4.17-F, the interaction among the fibres, cells 
and Bonelike® granules. 
4.2.4. ALP 
In this work, ALP activity normalized by total protein content was assessed on PLLA and 
PLLA/Bonelike® fibre membranes after 3 and 7 days of incubation with MG-63 cells. Figure 
4.18 shows that ALP increased with culture time in both materials and control. Moreover, a 
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statistically significant difference (p<0.05) was found after 7 days, where a higher ALP 
activity was observed on PLLA/Bonelike® membranes when compared to PLLA ones. This 
result confirms the crucial role of Bonelike® component in the stimulation of bone cell 
response, namely in what concerns cell differentiation. 
 
 
Figure 4.18. ALP activity of MG-63 cells cultured on PLLA (n=3) and PLLA/Bonelike® membranes (n=3) 
for 3 and 7 days. Controls were performed on TCPS. Data plotted as mean ± standard. Statistical 
analysis was only performed between PLLA and PLLA/Bonelike® results; *p<0.05. 
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Figure 4.17. SEM images of MG-63 cells cultured on PLLA ([A], [C] and [E] represent samples at day 1, 3 and 7, respectively] and on PLLA/Bonelike® ([B], [D] and [F] 
represent samples at day 1, 3 and 7, respectively]. [A’], [B’], [C’], [D’], [E’] and [F’] (scale bar corresponds to 20 µm) are higher magnifications images of [A], [B], [C], [D], 
[E] and [F] (scale bar corresponds to 100 µm). 
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Chapter 5  
 
Conclusions 
This work aimed at developing a bone regenerative matrix with improved biological, 
electrical, mechanical and electromechanical properties based on PLLA and Bonelike®. 
For this purpose, polymeric (PLLA) and composite (PLLA/Bonelike®) fibre membranes 
were produced using the electrospinning technique, which is known as a simple and versatile 
technology capable of generating fibres in the submicron range. In fact, it was obtained an 
average fibre diameter of 0.51±0.15 μm and 0.44±0.17 μm for PLLA and PLLA/Bonelike® 
membranes, respectively.  
An exhaustive study of the membranes morphological, thermal and physico-chemical 
properties was performed using several techniques. Both membranes exhibited high porosity 
(79.3±2.9% and 88.9±4.8% for PLLA and PLLA/Bonelike®, respectively) and reported similar 
hydrophobic behavior due to the highly identical water contact angles. 
FTIR spectra showed that PLLA/Bonelike® profile exhibited adsorption bands arising from 
Bonelike® and PLLA without any detectable changes in morphology and intensity, leading to 
the conclusion that there is no chemical interaction between the filler and the polymeric 
matrix. 
X-Ray Diffraction results proved the effective incorporation of the ceramic filler in the 
polymeric membranes since the pattern of Bonelike® depicted the presence of its 
characteristic three different phases (HA, β-TCP and α-TCP). Additionally, it was 
demonstrated that the polymeric fibre membranes are characterized by an amorphous 
structure. 
Thermal behavior was investigated through DSC, whereby PLLA membrane had well 
defined glass transition, cold crystallization and melting temperatures identified at 59, 81 
and 149 ºC, respectively. In the composite membranes, due to defects introduced in the PLLA 
mats by Bonelike® particles, and also due to the amount of interfaces between the polymer 
chains and ceramic particles, there was a shift towards lower temperatures of the polymer 
glass transition and cold crystallization, and the melting temperature occurred at ~150 ºC. 
Using thermogravimetry, a complete PLLA degradation was observed when temperature 
rose from approximately 300 ºC to 450 ºC. Regarding PLLA/Bonelike® fibres, 62-80% of its 
weight remained after the TGA process (smaller particles leave larger solid residuals after the 
polymer degradation), representing the real amount of the ceramic component present in the 
 54   Conclusions 
 
 
 
PLLA mats. Kissinger’s model was used to determine the activation energy of the degradation 
process. Herein, activation energy of the composite sample revealed to be lower than that of 
neat PLLA, attributed to distortions on polymer chain rearrangement during crystallization, 
caused by Bonelike®. 
MG-63 cell viability was analyzed by performing MTT and Resazurin assays. MTT and 
respective SEM images showed that the ceramic-polymer composite fibre membrane 
demonstrated improved biological properties in terms of human osteoblastic cell response, 
since after 7 days, significant proliferation was detected, when compared to PLLA mats. 
Resazurin results did not go in complete agreement with MTT ones, which was attributed to 
the higher entropy that cell cultures are subjected during the process. Nevertheless, it would 
be important to repeat this test. ALP analysis also proved the crucial role of Bonelike® 
component in the stimulation of bone cell response taking into account that, after 7 days in 
culture, a significantly higher ALP activity was observed on PLLA/Bonelike® membranes when 
compared to PLLA ones. 
In summary, PLLA/Bonelike® composite fibre membranes developed in this study proved 
to recruit favorable adhesion and growth of osteoblastic cells, as well as to stimulate them to 
exhibit functional activity of bone-associated cells. Despite being very difficult to extrapolate 
from in vitro to in vivo conditions, the in vitro studies led to promising results for a possible 
applicability of these fibre membranes associated to bone grafts (PLLA/Bonelike®) for bone 
regeneration. As a final remark, in a future work, it will be crucial to perform a semi 
quantitative inflammatory evaluation of these fibres implanted into living tissues. 
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